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Abstract

Atomically thin two-dimensional (2D) materials have attracted a growing interest in the last decade
from the fundamental point of view as well as their potential applications in functional devices. Due
to their high surface-to-volume ratio, the physical properties of 2D materials are very sensitive to the
environmental factor such as surrounding media and illumination conditions (e.g. light-mater
interaction). In the first part of this dissertation I will present recent advances in developing laserassisted methods to tune the physical properties of 2D transition metal dichalcogenides (TMDs). We
demonstrate laser-assisted chemical modification ultra-thin TMDs, locally replacing selenium by sulfur
atoms. The photo-conversion process takes place in a controlled reactive gas environment and the
heterogeneous reaction rates are monitored via in situ real-time Raman and photoluminescence
spectroscopies. The spatially localized photo-conversion resulted in a heterogeneous TMD structure,
with chemically distinct domains, where the initial high crystalline quality of the film is not affected
during the process. This has been further confirmed via transmission electron microscopy as well as
Raman and Photoluminescence spatial maps. Additionally, we also applied this method for aftergrowth local electronic doping, where small amounts of chalcogen atoms are replaced by nitrogen
increasing the hole concentration and hence the p-type doping. Our study demonstrates the potential
of laser-assisted chemical reaction for on-demand synthesis of heterogeneous two-dimensional
materials as well as the on-demand production of p-n homojunctions, with applications in
nanodevices.

ix

Later in the second part, I will also present studies of stability of 2D group-III monochalcogenides
and the combined effect of environment and illumination conditions. Group-III monochacogenides
such as GaSe and GaS have attracted considerable interest as two-dimensional (2D) alternatives to the
traditional transition metal dichalcogenides. The production of large area films as well as the longterm ambient stability remain a challenge for scalable integration of these materials into the next
generation of 2D circuitry and optoelectronic devices. In this part of the dissertation, I will present a
simple atmospheric-pressure Chemical Vapor Deposition method to synthesize continuous
monolayers of GaSe & GaS. Additionally, we study the time-dependent ambient stability of bare and
encapsulated monolayer samples by Raman spectroscopy using a laser-scanning method that
minimizes the cumulative laser damage and allows a reasonable signal-to-noise ratio. This is the first
systematic stability study in bare monolayers of GaSe. Our results reveal that bare GaSe monolayers
can stand up to six hours in air before complete degradation, while encapsulation with transparent
polymeric films can help to delay this process

x

1 Introduction

Since the discovery of graphene, there has been a significant interest in 2D materials due to the 2D
confinement effect and their bandgaps, which give them interesting optical and electronic
properties. The bandgaps covered by the 2D materials range from metals like NbS2, semimetals
(zero bandgap) like graphene, up to insulators (large bandgap) like hexagonal Boron Nitride (h-BN).
[1-4] Graphene, for example, has high mobility carriers and thermal conductivity. [5, 6] However,
the lack of a bandgap limits its applications. [7] On the other hand, 2D semiconductors (small and

Figure 1.1 The bandgap coverage of 2D materials. [4] © Springer Nature (2016). Reprinted with
permission
1

Figure.1.2 Periodic table highlighting (in red rectangles) the elements composing the materials
studied in this dissertation. TMDs include transition metals (Mo and W) and chalcogen atoms (S and
Se). While group-III monochalcogenides contain Ga (or In) and S (or Se).
medium bandgap), like Transition Metal Dichalcogenides (TMDs) and Group-III
Monochalcogenides, have been studied extensively due to their bandgaps mainly in the visible range
(see Figure 1.1).

The 2D TMD considered in this dissertation have a chemical formula MX2, where M stands for Mo
or W, and X stands for S or Se. They are semiconductors with good chemical stability, electrical
properties, and mechanical flexibility.[8] Their large area-to-volume ratio, layer-dependent tunable
electronic properties [9] and sizeable bandgaps make them potential candidates for a wide variety of
optoelectronics applications like solar cells, [10] gas sensors, [11] biosensors [12] and water splitting
reactions. [13] Monolayer TMDs can be used in valleytronic and spintronic applications because of
their valence-band splitting due to strong spin-orbit coupling, and inversion-symmetry breaking
leading to rich spin-valley physics.[14, 15]
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Another group of 2D semiconductors is group-III monochalcogenides, composed of group (IIIA)
metals and chalcogens (see Figure 1.2). Similar to the TMDs they have a sizeable bandgaps, tunable
electronic properties and the good electrical properties. Moreover, they have high charge density and
higher carrier mobility compared to TMDs. [16] Therefore, they can be used in different
applications like nonlinear optics, terahertz radiations, [17] photodetection [18], electro catalysts for
water-splitting reaction [19] and gas sensing.[20]

The performance and functionalities of 2D semiconductors can be tailored in different ways; for
instance, through electronic doping, combining materials with different chemical compositions to
form heterostructures, and tuning their bandgaps by creating alloys. Several methods have been used
for doping including the drop-cast method [21] (adding drops of chemicals on the surface of the
TMDs) and electrostatic doping. [22] On the other hand, heterostructures can be formed directly
from growth, using for instance Chemical Vapor Deposition (CVD) (vertical [23] or lateral [24]) or
Molecular Beam Epitaxy. [25] Heterostructures can also be formed using post-growth procedures
that involve stacking through dry or wet transfer of the different constituent 2D materials. [26]
Alloys can be synthesized by CVD as well. [27] However, the lack of control in the spatial resolution
is a challenge in these methods. The ability to control the lateral size and quality of the alloys and
heterostructures is a crucial step to develop more complex devices and circuitry as well as to boost
their performance.
One way to achieve better spatial control is using laser-assisted approaches. The heat from the laser
in the right environment can make chemical modifications in the 2D semiconductors to obtain the
desired alloys or heterostructures. Laser can also be used in doping 2D TMDs to change their
electrical properties. Inspired by this idea, laser-induced modifications in TMDs are investigated in
this dissertation. In chapter 3 we study site selective replacement of chalcogen atoms (Se by S) to
3

form alloys and heterojunctions of Transition Metal selenides/sulfides. Chapter 4 is dedicated to
study the laser-induced nitrogen-doping of TMDs. Finally, chapter 5 focuses on studying the effects
of laser exposure under ambient (air, oxygen and moisture) conditions on the stability of monolayers
of Group-III monochalcogenides.

1.1 Transition Metal Dichalcogenides (TMDs)

1.1.1 Crystal Structure, Phases and Brillouin Zone

(b)

(a)

M
K’

Γ

K

Figure 1.3 (a) Side and Top views of TMDs. [1] © Elsevier (2011). Reprinted with permission. (b)
The brillouine zone in TMDs. [28]

MX2 Monolayer Transition Metal Dichalcogenides (TMDs) are 2D materials that consist of a
Transition Metal (M) atomic layer (i.e. M= Mo, W, …) sandwiched between two chalcogen atom (X)
layers (i.e. X= S, Se, …). [15] The side & top views of 1H monolayer TMDs in Figure 1.3a show the
hexagonal arrangement of the atoms. [1] The intra-layer bonds between M and X are covalent
whereas neighboring layers interacts through Van der Waals interaction, giving the ability to peel-off
these materials from their bulk counterparts (mechanical exfoliation). [15] The monolayer TMD has
a hexagonal 2D brillouine zone, as shown in Figure 1.3b. Γ, K and M corresponds to the high symmetry points. [28]
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The monolayer TMDs have 2 polytypes or phases depending on the chalcogen triangles symmetry
and orientation in the top and bottom layers: For the 1H type (H stands for hexagonal and the 1 is
for the number of layers per unit cell) the lower and upper chalcogen triangles are identical in
orientation. In the case of 1T type (T stands for trigonal), the lower triangle of chalcogen atoms is
inverted with respect to the upper triangle (as shown in Figure 1.4). In multilayers, aditional
polytypes can be formed according to the stacking sequence of the monolayers. The 2H polytype
has a hexagonal symmtery with 2 unit cells. There is a third polytype called 3R (R stands for
rhombohedral). The multilayer 3R has a rhombohedral symmetry with 3 unit cell. The different
polytypes are shown in Figure 1.4 . [15] [29] The difference in the atomic arrangement also affect the
electronic structure and the electrical characteristics. For example, the 2H MoS2 is a stable
semiconductor while the 1T MoS2 is a metastable metal. The distinct symmetries and atomic
arrangement in the 2H and 1T phases lead to different energy splitting of the Mo 4d states in each
phase. In the 1T phase, the incomplete occupancy of the degenerated Mo d-states with lower energy
(dxy, dxz, and dyz) originates the metallic behavior. Whereas in the 2H-phase, the Mo d-states with
lower energies (dz2) are completely occupied; a sizeable gap separates these filled lower-energy states
from the next empty higher-energy states, this energy gap is a distinctive feature of a material with
semiconducting behavior. [30]

1.1.2 Electronic Band Structure

The electronic band structure of TMDs gives a better understanding of their optical, electronic and
transport properties. One of the most interesting properties in semiconductor TMDs is their
transition from indirect (bulk) to direct bandgap (monolayer). The direct bandgap in the monolayer
TMDs (Figure 1.5a) is responsible for the highly efficient photoluminescence observed in these
5

(a)

(b)

Figure 1.4 a) The 1T, 2H and 3R polytypes of TMDs b) the atoms arrangement in 1T and 2H
polytypes. [29] © Springer Nature. Reprinted with permission.
materials. Since vertical electronic transitions in direct band gap semiconductors do not require
phonon assistance, the probability of the transition is higher. Table 1.1 shows the lattice parameters
and theoretical bandgaps of the monolayers of the TMDs studied here: MoS 2, MoSe2, WS2 and
WSe2. [1]
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(a)

(b)

Figure 1.5 (a) The energy band diagrams of the Bulk (left) and the monolayer (right) MoS 2. [33] ©
ACS (2010). (b) Spatial distribution of the p and d orbitals in TMDs [31] © APS (2013). Reprinted
with permission.

On the other hand, the bandgap in multilayers TMDs is indirect (Figure 1.5a) and the electron’s
transition from the valence to the conduction bands is less efficient as it becomes a phonon-assisted
process. This transition from indirect to direct bandgap when the number of layers decrease is
because of the absence of interlayer coupling in the monolayer TMDs. The contributions of the
metal d-orbital and the chalcogen p-orbital to the electronic states in the k and Γ points are different.
The metal d-orbital is the main contributor of the conduction and valence bands at the K point. The
wavefunction for d-orbital is localized at the center of the monolayer and hence is not affected
much by the interlayer coupling caused by stacking TMDs in multilayers (Figure 1.5b) [31].
However, the electronic states for momentum values between the K and Γ points are composed of
linear combinations of the metal d-orbital and the chalcogen pz-orbital. pz-orbitals are located at the
top and bottom edge of the monolayers and are strongly affected by the interlayer coupling (Figure
1.5b). [15, 32, 33]
7

Table 1.1 Lattice parameters (a), intralayer distances (h) and bandgaps for the four TMDs of interest
in this dissertation. a is the Metal-Metal horizontal intralayer distance and h is the ChalcogenChalcogen vertical intralayer distance
TMD

a (A)

h (A)

Bandgap(Theo) (eV)

MoS2

3.19

3.13

1.67

MoSe2

3.33

3.35

1.44

WS2

3.19

3.14

1.81

WSe2

3.32

3.36

1.55

1.1.3 Phonon Modes.

Phonons are quasiparticles that represent the quantized vibrations in molecules or in the crystal
lattice. The phonon modes can be calculated by Density Functional Theory (DFT), using group
theory and depending on the symmetry in the space group of the material. Because of that, the
phonon modes are different and unique in each material. They can also be measured experimentally
using Raman spectroscopy, infrared spectroscopy or neutron scattering. The symmetry group for the
monolayer TMDs studied here is D 3h and their bulk counterparts have D6h symmetry. [15,29] Figure
1.6a shows the phonon dispersion and the Density of States (DOS) for WS2. These monolayer
TMDs have mainly two modes: The out-of-plane mode (A1’) and the in-plane mode (E’). Figure 1.6b
shows an example of WS2 Raman spectrum [34] and Table 1.2 sumarizes the main phonon modes of
some monolayer TMDs with their Raman peak positions. [15,34,35]
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(a)

(b)

Figure 1.6 (a) Phonon Dispersion (left) and DOS (right) of monolayer WS 2. (b) Raman spectrum of
a monolayer WS2. The inset shows the A1g and the E12g vibrational modes [34] © Springer Nature
(2013). Reprinted with permission.
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Table 1.2 The main phonon modes in the TMDs studied in this dissertation with their Raman peak
positions.
TMD

Phonon mode

Raman shift (cm-1)

MoS2 [15]

E’

385

A1’

404

E’

287

A’1

241

E’

356

A1’

418

E’

248

A1’

250

MoSe2 [35]

WS2 [34]

WSe2 [15]

1.1.4 Excitons

Excitons are quasiparticles formed from electron-hole pairs. There are two types of excitons: The
Frenkel and the Wannier-Mott excitons. The Frenkel exciton is a tightly bound exciton within the
unit cell or the nearest cell of the material. These excitons can be found in the alkali halides. The
Wannier-Mott exciton, on the other hand, has a size that is usually much larger than the unit cell,
like the excitons in 2D TMDs. Usually in 3D semiconductors the binding energy between the
electron and hole in the exciton is weak. However, the excitons in monolayer TMDs have strong
binding energy due to the reduced dielectric screening effect with respect to the 3D counterparts.
The exciton resembles a Hydrogen molecule in the lattice, creating bound electronic states (excitonic
states) that have slightly lower energy than the conduction band edge; hence, excitonic states are
within the bandgap.
10

If one electron and one hole are attracted to each other (two-particles system), they form the neutral
exciton (Figure 1.7b). When the semiconductor is n or p doped, the excess of electrons or holes
interact with the neutral excitons to form the negative or positive trions, respectively. Four-particles
system (two electrons and two holes) called biexciton can be also formed. The binding energies in
monolayer TMDs for excitons are in the order of 500 meV. Trions binding energies are typically
10% of that of the excitons, and biexcitons are within 50-70 meV. [36-40]

(a)

(b)

(c)

Figure 1.7 (a) the exciton energy in the energy band diagram. (b) The exciton in the TMD lattice. (c)
The PL spectrum of monolayer MoS2 with the contribution of the neutral exciton (X) and the
negative trion (X-) [40] © ACS (2013). Reprinted with permission.
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1.2 Group-III monochalcogenides

1.2.1 Crystal Structure, Phases and Brillouin Zone

Group-III monochalcogenides are layered materials, whose individual monolayers are four atomsM
thick, and consists of two metal (M) layers ((i.e. M= Ga or In) at the center sandwiched between two
external chalcogen (X) layers (i.e. X= S, Se, …), as shown in Figure 1.8a. The intralayer chemical
bonds (M-M and M-X) are covalent, while the interaction between different layers is Van der Waals
interaction. Similarly to graphene and TMDs, this weak interlayer attraction allows to mechanically
exfoliate individual monolayers. The 2D Brillouine zone is shown in Figure 1.8b. [41][42]

(a)

(b)

Γ

K

Figure 1.8 (a) Side and Top views of group-III monochalcogenides. [42] © Royal Society of
Chemistry (2020). Reprinted with permission. (b) The brillouine zone of group-III
monochalcogenides

The multilayer monochalcogenides have 4 polytypes or phases depending on the stacking sequense
in the unit cell: β, ε, γ, and δ, as shown in Figure 1.9. The β polytype has 2H symmetry and obtained
by stacking the monolayer in AA’ sequence, were A’ is a mirror image of A. The ε polytype is also
2H symmetry and obtained by stacking the monolayer in AB sequence, where B is a translation of A
by one third of the unit cell in armchair direction. The γ polytype symmetry is obtained by stacking
the monolayer in ABC sequence, where C is a translation of B by one third of the unit cell in the
12

Figure 1.9 The polytypes in GaSe [42] © Royal Society of Chemistry (2020). Reprinted with
permission.

armchair direction. The δ polytype symmetry results from stacking the monolayer in AA’B’B
sequence, where B’ is a mirror image of B. [42]
1.2.2 Electronic Band Structure

The monochalcogenide monolayers are indirect bandgap materials.[16, 42, 43] Figure 1.10 shows the
electronic band structure of monolayer GaSe. The conduction band minimum is at the Γ point,
while the valence band has a “Mexican hat” shape [42] around this point, but the valence band
maximum is slightly shifted in momentum to a point between the Γ and K points, resulting in an
indirect bandgap. However, the energy difference between the valence band maximum and the local
minimum at the Γ point is very small, [2, 17, 42] leading to more direct transition of electrons to the
13

conduction band. For the bulk counterparts, GaSe [44] and InSe [16] have a direct bandgaps of 2.05
and 1.3 eV, respectively. Whereas bulk GaS [45] and InS [46] have indirect bandgaps of 2.59 and 1.9
eV, respectively. Both InSe and GaSe show an opposite behavior to TMDs. i.e. the bulk show a
direct bandgap while the few-layers and monolayer show indirect bandgap. This crossover from
direct to indirect bandgap, when the number of layers decrease, is due to the absence of interlayer
coupling that affects the valence band and shifts its maximum from the Γ point. A summary of the
lattice parameters and theoretical bandgaps for monolayers of the main Monochalcogenides (GaS,
GaSe, InS and InSe) is shown in Table 1.3. [19] The theoretical bandgaps were calculated by DFT
using VASP. For the exchange and correlation (XC) functionals, the PBE form of the Generalized
Gradient Approximation (GGA) functional was used. [44]
(a)

(b)

Figure 1.10 (a) The energy band diagram of (a) monolayer and (b) bulk GaSe. The bulk diagram
shows the contribution of the different orbitals in the band diagram [44] © Royal Society of
Chemistry (2016). Reprinted with permission.
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Table 1.3 The atomic distances and bandgaps of the four monochalcogenides “a” is for the MetalMetal horizontal intralayer distance, “h M-M” is for the Metal-Metal vertical intralayer distance, and
“hM-X” is for the Metal-Chalcogen (M-X) intralayer distance
MX

a (A)

hM-M (A)

hM-X (A)

Bandgap(Theo) (eV)

GaS

3.64

2.48

2.37

2.48

GaSe

3.82

2.47

2.50

1.91

InS

3.94

2.82

2.57

1.74

InSe

4.09

2.82

2.69

1.49

1.2.3 Phonon Modes

The symmetry group of group-III monochalcogenides studied here are like the TMDs, i.e. the
symmetry group is D3h for monolayers [47] and D6h for the bulk counterparts. [48] Figure 1.11a
shows the phonon dispersion and phonon Density of States (DOS) for GaSe, respectively. [47] In
backscattering geometry monochalcogenides monolayers display three main optical phonon modes:
The two out-of-plane modes (A1g1, A1g2) and the in-plane mode (E2g). Figure 1.11b shows an
example of GaSe Raman spectrum [49] and Table 1.4 gives the main phonon modes of the bulk
group-III monochalcogenides with their corresponding Raman peak position. [45,47]
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Table 1.4 The main phonon modes in the TMDs studied in this dissertation with their frequency
shifts
MX

Phonon mode

Frequency shift (cm-1)

GaS [45]

A1g1

187.3

E12g

294.1

A12g

360.2

A1g1

129.8

E2g

211.8

A1g2

310

GaSe [47]
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(a)

(b)

(c)

Figure 1.11 (a) Phonon Dispersion (left) and DOS (right) of monolayer GaSe.[47] © APS (2019).
(b) Raman spectrum of monolayer and multilayers GaSe. (c) The A 1’ and the E12g vibrational modes
[48] © ACS (2013). Reprinted with permission.
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1.3 Doping

The electronic doping of a material is a controlled addition of impurities (or dopants) within a low
concentration range. The concentration of dopant is low but enough to cause a significant change in
the electronic and optical response, such as conduction type (n or p) and refractive index.[50] The
doping, however, is not expected to affect the fundamental physical properties of the materials such
as lattice parameter and band gap. High concentrations of foreign atoms (above 1%) could lead to
changes in the fundamental physical properties of the materials, in this case, it is not considered
doping but alloying, alloys will be discussed in the next section. Electronic doping, or change in the
type of conductivity, can be induced electrostatically, [22] by structural defects [51], and by
physisorption [52] or chemisorption [53] of foreign atoms or molecules, which affects the
concentration of free electrons (n-doping) or holes (p-doping).

Structural defects, like vacancies, grain boundaries and dislocations, can generate new energy levels
within the band gap, this can shift the Fermi level up or down depending on the doping type. Figure
1.12a shows examples of that in MoS2. The VS, VS2, and S2Mo defects stand for monosulfur vacancy
(The most frequent to observe in the TEM images), disulfur vacancy, and a substitution of Mo by
S2, respectively. These new levels in the bandgap act as electron traps in the natural n-type MoS2,
which reduces the electrical conductance significantly. Vacancies can be healed by sulfur annealing.
Figure 1.12b shows the formation energy of these defects. As shown in the figure, the Vs has the
lowest formation energy, which means it is the most probable defect to happen. [51]
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(a)

(b)

Figure 1.12 (a) Different vacancies and dislocations with their effect on the band diagram. (b) The
formation energy (Ef) vs the chemical potential (s) for different vacancies and dislocations. [50] ©
ACS (2013). Reprinted with permission.
As mentioned above, electronic doping can be also induced by physisorption and chemisorption. In
physisorption, an adsorbate in the atmosphere is attracted to the adsorbent’s surface via van der
Waals interaction or intercalated in between the adsorbent’s layers. In this case no chemical bond is
formed and the structure of both the adsorbate and the adsorbent do not change significantly.
Physisorption can change the adsorbent’s doping level and carrier mobility by electron transfer,
which affects the electrical properties. [52-55]. Figure 1.13a shows an example of physisorption of
the natural n-type MoS2 with p-type (TCNQ and F4TCNQ) and n-type (NADH) dopants with their
band alignments. As shown in Figure 1.13c, the majority carriers in MoS 2 (which are electrons) will
transfer to the p-dopants, which will decrease the excess electrons in MoS 2 and form more neutral
excitons. This will enhance the PL intensity of MoS 2. However, increasing the majority carriers in
MoS2 using the n-dopant will increase the formation of negative trions. [40]
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(a)

(c)

(b)

Figure 1.13 The PL spectra of monolayer MoS2 with (a) p-dopants and (b) n-dopant. (c) The energy
band diagram of monolayer MoS2 with the dopants [40] © ACS (2013). Reprinted with permission.

Another type of physisorption is intercalation, in which the intercalant atom, ion or molecule is
placed easily in-between the TMD layers due to the relatively large interlayer space and the weak van
der Waals interaction between the layers. For example: the intercalation of H or alkali metal ions
happens easily because of their small radii. These ions donate electrons to the lattice, which cause
electronic changes and lattice distortion. [22] In chemisorption, on the other hand, the adsorbate
atom interacts with the adsorbent and form a chemical bond (covalent or ionic) like substitutional
doping. [54] In this case an atom is exchanged with another from a different group in the lattice. It
can happen either on the cation (the TM) or the anion (the chalcogen) sites of the TMDs. [22] If the
20

dopant atom has more valence electrons than the atom being replaced, the doping is n-type and vice
versa. Therefore, the doping effect is based on the atom’s relative positions in the Periodic Table
with respect to the atoms in the host material. Table 1.5 shows a list of some cation and anion atoms
and their effect on the TMD. [22]

Table 1.5 Different dopant atoms and their effect on the TMDs
Replaced atom

Dopant atom

Doping type

Cation

V

p

Nb

p

Mn

n

N

p

P

p

Cl

n

Anion
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(a)

(b)

Figure 1.14 The energy band diagram of monolayer MoS 2 after N-doping (left) and before
(right).[55] © Royal Society of Chemistry. (b) XPS spectra of N-doped MoS2 sample showing the
peak corresponding to the N-Mo bond formation. [56] © ACS. Reprinted with permission.

An example of chemisorption (or substitutional doping) is nitrogen doping. The nitrogen can
replace the chalcogen in TMDs and form covalent bonds with the TM atoms, which changes the
carrier’s concentration, and in large quantities can also change the electronic band structure. Figure
1.14a shows the N-doped MoS2 energy-band diagram compared to the pristine. [56] The nitrogen
introduces new states that are closer to the valence band. This indicates a p-type doping. Theoretical
calculations show that for group V dopants in MoS 2 (including Nitrogen (N), Phosphorus (P) and
Arsenide (As)), nitrogen has the shortest bond and the lowest total and formation energies. All these
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results indicate that the nitrogen dopant is the most stable and easiest dopant to form. [56] The shift
in the Fermi level can be attributed to the charge transfer because of the p-type doping and the band
bending because of the formation of Mo-N bond. [57] Experimentally, nitrogen doped TMDs have
been used for Hydrogen Evolution Reaction (HER) because nitrogen doping activates the TMDs
used as catalyst. this can be achieved by different techniques such as NH3 thermal annealing, [58]
sol-gel method, [59] solvothermal method [60] and plasma treatment. [57] For example, MoS2 was
treated with N2 plasma for different time intervals (t1 = 2 min, t2 = 7 min, t3 = 15 min, t4 = 30
min, t5 = 60 min). The XPS results (Figure 1.14b) show a new peak at 397.7 eV, corresponding to
the N-Mo bond. This is a clear experimental evidence of nitrogen doping in TMDs. [57] Another
example of the substitutional doping will be explained in detail in section 1.4.

Another method of doping is the electrostatic doping, usually implemented in three terminals
devices such as Field Effect Transistors (FET). Here, the doping effect results from the electric field
induced by the external potential applied to the gate terminal. By making the gate voltage positive
(negative), the electrons (the holes) are attracted to the conducting channel between the source and
drain electric terminals, which creates a n-doping (p-doping) effect in the TMD. [22, 61]

1.4 Alloys

As mentioned before, with small doping concentrations (< 1 at %), the energy band structure and
the bandgap do not change significantly. However, excessive chemical substitution (> 1 at %), which
is called alloying, can change the lattice parameter and the electronic band structure. TMDs alloys
can be created by mixing the metal atoms (Mo 1-xWxS2) [62] or by mixing the chalcogen atoms
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(WS2xSe2(1-x) [27] or MoS2xSe2(1-x) [63]) as shown in Figure 1.15a . The bandgap of the ternary alloy is
related to the bandgaps of its primary binary compounds by the Vegard’s law:

Eg(Mo1−x WxS2) = (1−x)Eg(MoX2) + xEg(WX2) - bx(1−x)

........................................ (1.1)

Where x is the composition ratio (S/S+Se), Eg(WS2) and Eg(WSe2) are the bandgaps for the binary
compounds, X is the chalcogen atom (S or Se), and b is called bowing parameter. However, in some
cases of alloying the relation is approximately linear instead of quadratic. Figure 1.15b shows an
example of the chalcogen alloy WS2xSe2(1-x). In this case the term

(-bx(1-x)) is removed and the

relation becomes:
Eg(MS2xSe2(1-x)) = (1−x)Eg(MS2) + xEg(MSe2)

..................................................... (1.2)

Where M is the transition metal (Mo or W).

(a)

(b)

Figure 1.15 (a) Mo1-xWxS2 alloy bandgap vs the W composition, x. [61] © ACS (2013) (b) WS2xSe2(1-x)
alloy bandgap vs the S composition [27] © ACS (2016). Reprinted with permission
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1.5 Heterostructures

The bandgap in semiconductors, is a crucial parameter that determines most of the optoelectronic
behavior in these materials, which relies significantly on electron-photon interaction processes. This
parameter key for determining the potential device applications like photovoltaic cells, light-emitting
diodes, photodetectors and logic circuits [24] [64] . These applications can be improved significantly
by stitching different semiconductors together (and hence combining their bandgap) to form
heterostructures. They can be combined either by stacking them on top of each other (vertical or
out-of-plane) [23] or growing them besides each other (lateral or in-plane). [24] This gives a very rich
library of different combinations. [65] Heterostructures applications depend mainly on the band
alignment of the constituent semiconductors relative to each other. There are 3 types of
heterostructures based on band alignement, as shown in Figure 1.16. Type I is when both, the
valence and conduction bands of the small-bandgap semiconductor are within the large-bandgap
one.in this case there is an energy step for electrons and holes moving in the same direction. This
results in confinement of both carriers in the small band gap semiconductor. Type II band
alignment is obtained when both the valence and conduction bands of one of the materials are
shifted in energy simultaneously (up or down) creating an energy step for electrons and holes
moving in opposite directions. In Type III alignment, the bands offset is large enough to make the
valence band of one of the semiconductors to be at the same energy (or higher) than the conduction
band of the other semiconductor. [66] Ev and Ec in the figure stands for the valence band and
conduction bands energies, respectively. Ec1 stands for the conduction band of the first
semiconductor, Ec2 for the second semiconductor.
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Type I

Type II

Type III

Figure 1.16 Heterostructure types based on the bands alignment

A variety of these heterostructures have been studied. For example: Vertical or lateral
heterostructures combining two different TMDs, such as the MoSe 2/WSe2 lateral heterostructure
shown in Figure 1.17a .[24] Another example is Group-III monochalcogenides heterostructures.
Figure 1.17c shows an example of vertically stacked InSe/GaSe multilayers vertical heterostructure
(a)

(c)

(b)

(d)

Figure 1.17 (a) An image showing the in-plane WSe2-MoSe2 heterostructure FET device and (b) its
Ids vs Vds response with different laser powers. [24] © Springer Nature (2018). (c) An image showing
the vertical InSe-GaSe heterostructure FET device and (d) its I ds vs Vds response with different laser
powers. [18] © IOP Publishing (2017). Reprinted with permission.
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used for multicolor photodetection. [18] As expected, the p-n combination in both heterostructures
show a rectification behavior like a diode. i.e. the current go in one direction but blocked in the
other.

1.6 Overview in Laser-Assisted Modifications in 2D Materials

For decades, laser has been used to change materials. The precise control of the power, wavelength,
and size of the laser spot gives a spatially resolved thermal effect. Laser treatment has been used on
several groups of materials and shows promising results regarding the spatial control and the quality
of the resultant materials. Laser has been used in processing of different materials like polymers,
ceramic, metals and alloys. For instance, in the manufacturing industry and commercial device
applications, such as fabrication of poly-Si for high-end thin-film transistor and polymer-based
flexible displays, integration of Metal Oxides nanostructures and tailoring their properties through
site-specific synthesis of nanowires and nanorods, and production of nanosheets and nanoparticles.
All these applications make the laser treatment attractive for other materials tailoring and
modification as well, such as TMDs. [67] High-power lasers are used for thinning or drilling
materials. [68, 69] Intermediate-power lasers are good for alloying and making heterostructures,
while low-power lasers can be used for healing vacancies. [70] The used laser power depends also on
the laser setup, the material to be processed and the substrate.

Different groups have tried diverse approaches to modify TMDs using laser. One approach is
thinning TMDs from bulk down to monolayer. Figure 1.18 a,b show examples of thinning MoS2 and
WS2 respectively. The laser power used for the MoS2 thinning was around 10 mW, while the power
for the WS2 was 20 mW. Laser heat etches the upper layers by thermal sublimation to end up with
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(a)

(b)

Figure 1.18 PL spectrum for (a) MoS2 [67] (© ACS 2012) and (b)) WS2 (© ACS 2017) [68] before and
after laser thinning. Reprinted with permission .
monolayer TMDs. Higher laser power should be applied to etch the monolayer because the Si/SiO 2
substrate acts as a heat sink. This means that a suitable laser power can etch the TMDs down to the
monolayer without changing the monolayer itself.

This top-down approach improves the PL because the TMDs monolayers are direct bandgap
materials. The quality of the thinned area is comparable to the pristine TMDs, which makes this
method reliable for optoelectronic and photovoltaic devices. Using this approach, monolayer TMDs
can be fabricated “on demand” with a very good degree of control on the size and the area. [68, 69]

Another application is in oxidizing the TMD to make TMDs/TM oxides heterostructures. Figure
1.19 shows an example of WS2/WO3 heterostructure. The laser treatment was in ambient air
conditions, which results in partial oxidation and so form the lateral WS 2/WO3 heterostructures.
The laser power was 0.92 W. The production of active-edge sites with partial oxidation improved
the photocurrent density with respect to the pristine WS2 because of the band alignment of WS2 and
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(a)

(b)

Figure 1.19 (a) Raman spectrum of the WS2/WO3 heterostructure before and after laser treatment
and (b) Their bands alignment [70] © Springer Nature (2017). Reprinted with permission.

WO3, as shown in Figure 1.19b. This band alignment of WO3 with respect to WS2 facilitates the
electrons to transfer from WS2 to WO3 and the holes to transfer vice versa. This approach gives a
way to enhance the TMDs photoelectrical activity for electrochemical energy applications. [71]

A third approach, other than thinning or altering TMDs to create heterostructures, is to heal the
chalcogen vacancies in TMDs to improve the electrical and optical properties. Figure 1.20 shows an
example of healing WSe2 sample by passivating Se vacancies with Oxygen. The laser power is 2.5
mW. The Se vacancies act as acceptor states so electrons get trapped because of the metal dangling
bonds. This affects the electrons and holes mobilities. [72] The vacancy capture of the Oxygen
eliminates these acceptor states and so improves the charges mobilities. The laser is used to facilitate
and control the oxygen substitution of the Se. This process improved the electrical response way
more in ambient conditions than in vacuum due to the lack of oxygen in vacuum. This method also
turns out to improve the lattice crystallinity as the Raman FWHM decreased after passivation. This
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Figure 1.20 I-V Electrical response before and after WSe2 laser healing [71] © ACS (2015).
Reprinted with permission.

defect-engineering technique improves the photoconductivity of TMDs in a controllable way, which
can be used in optoelectronic device applications. [72]

One last application to discuss here is doping TMDs using laser. Figure 1.21 a,b show the effect of
doping MoS2 and WSe2 with Phosphorus, respectively. The laser power used here is 250 mW. The
TMD sample is placed in a closed chamber filled with PH3 gas and then exposed to laser. Doping
the sample with P atoms enhanced (suppressed) the n-type (p-type) MoS2 (WSe2) PL peak as the PL
peak shifts towards the exciton (trion) and the intensity increased (decreased). This happened
without changing the Raman peaks. The laser power and time of irradiation control the level of
doping. This can give a new way to functionalize TMDs for nanodevice applications. [73]
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(a)

(b)

Figure 1.21 PL spectra of (a) MoS2 and (b) WSe2 before and after Phosphorus laser doping. The inset
shows the Raman spectra before and after the doping. [72] © John Wiley and Sons (2016). Reprinted
with permission.

1.7 Goals and Organization of this Dissertation

The main goals of this dissertation are:
1- To study the combined effects of laser irradiation of 2D materials (TMDs and
monochalcogenides) in reactive atmospheres.
2- Utilize this study to develop technologies that allow us to modify in a controlled way the 2D
materials, in order to create on demand alloys, heterostructures and doping.
3- To understand how the stability of 2D materials (such as monochalcogenides) can be
affected when simultaneously exposed to ambient conditions and laser irradiation.
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Organization of this dissertation:

In chapter 1 (introduction) we summarize the background information of the different materials
studied here; including their crystal structure, phonons , excitons, optical and electronic properties.
Also, in chapter 1 we review the state of the art relative to doping, alloying 2D materials,
heterostructures and laser induced processes.
In Chapter 2 the synthesis and characterization techniques used in this work to study the 2D
materials, are described. Chapter 3 sumarizes our results in creating alloys and heterostructures of
TMDs via laser-induced chemical conversion of TMDs. Chapter 4 presents the main
accomplishments in laser-assisted nitrogen-doping of TMDs. Chapter 5 discusses a new synthesis
approach for 2D group-III monochalcogenides as well as their characterization and stability studies
under laser irradiation and ambient exposure.
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2 Synthesis and Characterization techniques

In this chapter we describe the synthesis method for all the 2D materials in this dissertation is the
Chemical Vapor Deposition (CVD). We also describe the different characterization techniques used
to investigate the physical and electrical properties of the 2D materials. The main techniques are the
Raman Spectroscopy, Atomic Force Microscopy (AFM), Scanning Electron Microscopy (SEM) and
Energy Dispersive X-ray Spectroscopy (EDS), Transmission Electron Microscopy (TEM) and
Electron Energy Loss Spectroscopy (EELS). These techniques provide useful information about the
thickness, the crystal quality, morphology, and the optical and electrical response of 2D materials.

2.1 Chemical Vapor Deposition (CVD)

2D materials got a significant interest since the discovery of graphene in 2004. One of the main
challenges in their synthesis is to control the size, homogeneity and crystal quality of the resultant
crystal. The different approaches to achieve that can be categorized into top-down and bottom-up
approaches. The top-down approach is to get the monolayer (or few-layers) from the bulk materials.
The most popular is exfoliation, either by solution intercalation methods or by the scotch-tape
method (mechanical). The last one is simple and low cost. However, the size of the islands is often
small and not controllable. On the other hand, in the bottom-up approach the islands are grown on
the substrates layer-by-layer. The advantage here is the relative ability to control larger size and
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quality of the 2D islands. Examples of these techniques are: Molecular Beam Epitaxy (MBE),
Atomic Layer Deposition (ALD) and Chemical Vapor Deposition (CVD).[8, 21, 74, 75]

Chemical Vapor Deposition (CVD) is a relatively simple method to synthesize 2D semiconductors
in large areas. In CVD the solid precursors are evaporated at high temperatures, transported by a
carrier gas to the substrate where they react to form the final product. The entire process takes place
in a quartz tube furnace. This is slightly different from the technique called Physical Vapor
Deposition (PVD) were materials are evaporated in a vacuum sealed ampoule and transported to the
substrates due to temperature gradients. A temperature profile of the CVD furnace is used to
determine the spots inside the furnace, where the precursors and the substrates will be placed to
achieve the best outcomes. While some CVD systems use atmospheric pressure to synthesize the
materials, others use low vacuum (using a mechanical pump to get to ~ 10 -3 torr) depending on the
reactants. All synthesis in this work were in atmospheric pressure. In general, the CVD system
(Figure 2.1) consists of a gas source(s) for carrier gas supply, Mass Flow controllers (MFC) to

Figure 2.1 A schematic of the CVD system used in the TMDs growth [24] © Springer Nature
(2018). Reprinted with permission.
34

control the flow rate of the carrier gas in the system, a tube furnace to evaporate the precursor(s)
and an exhaust system to remove the by-products. The precursors are placed in a quartz tube
upstream and the substrates downstream in certain positions with the right temperatures. The carrier
gas transfers the evaporated precursor(s) downstream to the substrates. The materials that evaporate
from the precursor(s) react with each other in gaseous phase and then precipitate on the substrates.

In the TMDs growth, a huge improvement was achieved by placing a bubbler to the gas line before
the tube furnace to add water in small amounts. This helps to form TM oxides and hydroxides
which play a major role in controlling the quality and type of the resultant material(s) grown on the
substrates. TMD samples were prepared by CVD. Either WSe 2 (99.8%) or MoSe2 (99.9%) powders
were used as solid precursors for the evaporation of the metal and chalcogen atoms. The synthesis
was performed within a 1 in. quartz tube reactor placed inside a two-zone furnace in which the
temperature of individual zones was controlled independently. A high purity alumina boat
containing 100 mg of the solid precursors was placed at the hot zone of the furnace (≈1060 °C),
whereas SiO2/Si substrates (SiO2 thickness ≈ 300 nm) were placed downstream at Tgrowth ≈750–
800 °C for the growth of TMD films. Before and during the first 5 min of the growth N2 gas (200
sccm) was passed through a water bubbler in order to introduce small amount of water vapor in the
system, after 5 min the gas was switched to 200 sccm of Ar + H 2 (with 5% of H2), this carrier gas
was kept during the remaining 10 min of growth and during the final cooling down. The presence of
water vapor favors the formation of highly volatile species and the formation of high quality 2D
TMD films. More details about this growth method can be found in ref [24].

In the case of group III monochalcogenides growth, the CVD system does not have a bubbler.
Typically to get the GaSe in the right phase, certain amounts of Ga were added to the Ga 2Se3 in
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order to get a molar ratio 1:1 between the Ga and Se. These amounts were calculated using the GaSe phase diagram. The monolayer GaSe were grown using 50 mg of Ga 2Se3 and 9.4 mg of Ga as the
precursors. Si/SiO2 substrates (285 nm SiO2 on highly doped Si 0.001 - 0.005 ohm·cm) were used in
a 1-inch diameter quartz tube. The precursors temperature was 800-830˚C while the substrate
temperature was 600-650˚C. For monolayers, the optimal distance between substrate and source was
around 5 inches. Ar+H2 (5%) was used as carrier gas at a flow rate of 200 sccm. Experiments
performed in ultra-high purity nitrogen did not resulted in a successful synthesis of GaSe, apparently
a small amount of hydrogen is required. Hydrogen can play different functions during the growth,
for instance, it can neutralize small amount of residual oxygen in the tube to prevent oxidation of
the growing sample. Hydrogen can also form H2Se and assist with the delivery of selenium to the
growing GaSe crystal and/or can take the excess selenium from the Ga 2Se3 source and contribute to
compensate the stoichiometry of the GaSe films. For the multilayer GaSe, 100 mg of Ga2Se3 and
18.8mg of Ga were used, the other parameters were not changed. Monolayer GaS was grown using
50 mg of Ga2S3 and 12.4 mg of Ga for monolayers while the other parameters were similar to the
GaSe growth.

2.2 Photo-Induced Chemical Conversion

A schematic representation of the photoinduced chemical reaction as well as the experimental setup
is shown in Figure 2.2. The photo-conversion can be implemented on supported TMDs grown on
Si/SiO2 substrates, or in suspended TMDs that are transferred to a TEM grid using a wet transfer
method. The process takes place within a home-made sealed stainless-steel mini chamber with a
controlled gas environment, H2S in this case. An optically transparent quartz window allows to focus
the laser beam on the sample surface (WSe2 or MoSe2) inside the chamber. The results depend on
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the gas in the chamber, the material quality, the laser power and the time of exposure. More details
will be discussed in chapter 3.
(a)

(b)

(c)

Figure 2.2 (a) Schematics of the laser-induced chalcogen atom exchange under an H2S reactive
atmosphere. (b) Image of the experimental setup showing the mini-chamber under the microscopebased Raman spectrometer. (c) Optical image of the laser beam (green) focused on the TMD film
suspended on a TEM grid. © John Wiley and Sons (2018). Reprinted with permission.

2.3 Raman and Photoluminescence (PL) spectroscopy

One of the main characterization techniques for few-layered materials is the micro-Raman
spectroscopy. It offers information on the inelastic light scattering with the phonons. Because of its
non-destructive nature and high spectral and spatial resolution, it can be used to determine the
material type, number of layers, chemical composition, strain, and is also sensitive to electronic
doping. [15] When the sample is irradiated with laser light, photons induce electronic transitions,
electrons are scattered by phonons and loss (or gain) energy, the scattered electrons then relax
emitting new photons with energies different from the incoming photon. The difference in energy
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between the incoming and outgoing photons correspond to the energy of the phonons involved in
the scattering process. Figure 2.3 shows the scattering types. While most photons energies do not

Figure 2.3 The Rayleigh, Stoke, and Anti-stoke scatterings and the feynmann diagram of the stoke’s
scattering

change after scattering (Rayleigh scattering or elastic scattering), some photons transfer some energy
to the lattice (Inelastic scattering) and either create phonons, which is called Stoke’s scattering, or
annihilate phonons, which is called Anti-Stoke’s scattering. Figure 2.3 shows a Feynman diagram of
the Stoke’s scattering. As we described above, the incident photon with frequency (w) will first
excite an electron from the valence band to the conduction band (point1). Then the electron will
lose some energy to the lattice and create a phonon (point2) and reach the edge of the conduction
band. Finally, the electron will decay to the valence band and a new photon is created with
frequency (w’) (point3). [76]

The center (Γ) phonons in the Brillouin zone can be predicted from the group theory using the
irreducible representation of the zone center phonons. For the bulk TMDs studied here, the unit cell
has 2 layers (6 atoms). This corresponds to 18 phonons, three of them are acoustic and the rest are
optical. Raman-active phonon modes are only three: A1g, E1g and E2g. In the case of a few number of
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layers, it depends on whether it is even or odd because the even layers have inversion symmetry. For
example: For bilayer TMDs, the Raman-active modes are 3A1g and 3Eg and the monolayer have the
E’’, 2E’ and A1’ modes. The bulk TM monochalcogenides has D6h symmetry, like TMDs, and the
unit cell has 2 layers (8 atoms), corresponding to 24 phonon modes. 6 of them are Raman-active:
2A1g, 2E2g, 2E1g.

These phonons can be observed experimentally using Raman spectroscopy depending on the
symmetry selection rules from the group theory. The intensity (I) of any Raman-active mode is given
by the equation:
I = |es.R.ei|2

...................................................................................... (2.1)

Where R is the Raman tensor and es and ei are the incident and scattered photon’s polarization
vectors, respectively. The odd number of layers of TMDs (including the monolayer) has D 3h
symmetry. So, using the group theory analysis, the Raman tensors for A1g, E1g and E2g modes are:
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Where a, b, c and d are constants. For monolayer TMDs, the peaks names change as following: A1g
to A1’ , E2g to E’ and E1g to E’’.
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If back-scattering geometry is considered, then ei and es are in the xy plane, which can be set to ei =
(1 0 0) in the XX configuration (incident and scattered light beams are both polarized in the x axis)
or ei = (0 1 0) in the YX configuration and es = (1 0 0). For the double-degenerate modes (two
tensors Rx and Ry) equation (1) becomes:

I = |es.Rx.ei|2 + |es.Ry.ei|2

........................................................................ (2.2)

By substituting the values of ei, es and R for A1g, E2g and E1g in equations (1) and (2) we get:

I(A1g) = a2 (XX)
I(A1g) = 0 (YX)
I(E1g) = 0
I(E2g) = d2

This indicates that E1g intensity cannot be detected in this polarization configuration and E2g
intensity is constant and independent of the polarization angle. However, A1g intensity is angledependent, and it goes from a2 in the XX configuration to zero in the YX configuration.

The bulk materials with D6h symmetry has similar Raman tensors as the odd number of layers
because of the correlation between D 3h and D6h symmetries. However, the even number of layers
has a D3d symmetry with two layers as the unit cell so there will be a change in the the Raman
tensors:
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So I(A1g) = a2 in the XX and zero in the YX configurations, which is similar to the odd number of
layers, and I(Eg)= c2 in both the XX and the YX configurations. [15, 29, 48, 76]

The Raman spectrum is a measurement of the phonon mode’s frequency shift and intensity. These
vibrational modes exist because of the interactions between different atoms in the lattice. This
means that any external perturbation that changes the lattice vibrational modes will affect the Raman
signal. Different studies have been performed on some of these perturbations like strain and doping.
In general, strain can be tensile or compressive, and it can affect only one axis (uniaxial), two axes
(biaxial), or the three spatial axes (hydrostatic). For example, the results of uniaxial tensile strain on
the Raman spectrum of monolayer MoS2 are shown in Figure 2.4. As shown, when the uniaxial
tensile strain is applied, the E’ peak splits in two peaks because the in-plane symmetry is broken and
so the degeneracy is lifted. However, if the hexagonal symmetry is retained, like the biaxial strain
(a)

(b)

Figure 2.4 (a) A schematic of the 3-point bending that causes the uniaxial tensile strain (b) The effect
of the uniaxial tensile strain on the E’ peak [76] © APS (2013). Reprinted with permission.
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case, then the E’ Raman peak collectively shifts to a lower frequency (softens) without lifting its
degeneracy and so without splitting. [15, 77]
On the other hand, the dopin effect is different. In MoS2 the A1’ mode is affected more with doping
than the E’ mode. This can be explained from the Electron Phonon Coupling (EPC) as a function
of the electron doping and using the group symmetry of the two modes. A 1’ mode keeps the
symmetry of the lattice. Because of that, the electronic states have nonzero expectation values in the
EPC function because of the A1’ perturbation, which causes a large EPC in the lattice. However The
E’ perturbation breaks the symmetry of the lattice and the expectation values vanish. Therefore, the
E’ coupling depends weakly on doping.[78]

The Raman system used in this study is shown as a schematic to explain the process. As shown in
figure 2.5, the laser is focused on the sample, photons interact with the material, the back-scattered
photons go through the different optical elements in the system which includes lenses, mirrors, the
pinhole, the reflective diffraction grating monochromator and finally the CCD detector. The mirrors
and lenses are used to focus and the back-scattered photons. The pinhole controls the amount of
light entering to the CCD camera. A smaller hole-size gives higher resolution but decreases the
spectrum intensity. The grating is used to separate the light photons based on their wavelengths and
the CCD camera is to detect these different wavelengths. Gratings with higher number of lines (slits)
give higher resolution. However, the intensity decreases, and the time needed to collect the spectrum
increases. The entire system is computer-controlled, the software allows automatic data acquisition,
spatial and temporal mapping, as well as data acquisition and processing.

42

Figure 2.5 A schematic showing the main components in the Raman system

2.4 Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is a crucial technique for morphological characterization of
nanoscale materials. AFM is a form of Scanning Probe Microscopy (SPM). The other form is
Scanning Tunneling Microscope (STM). AFM can be used on a variety of surfaces to obtain 3D
images of materials at nanoscale level. This includes insulating surfaces that STM cannot be used on,
as it needs a conducting surface. One of the main advantages of AFM is that allows to measure the
thickness of atomically thin materials. The 2D materials, like graphene or TMDs, can be studied in
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detail by combining their thicknesses and shapes measured by AFM with their other characteristics,
like electrical characteristics or Raman spectra.

(a)

(b)

Figure 2.6 (a) The force as a function of the tip/sample distance, showing the imaging modes based
on the force between tip/sample (b) Basic components of AFM [78] © Intechopen (2018).
Reprinted with permission.

AFM is mainly composed of a probe attached to a cantilever, a piezoelectric scanner, a laser, a data
processor, and a photodetector as shown in Figure 2.6. The scanner is used to move the sample in
the 3 directions. The probe has a very sharp tip and gets very close to the sample’s surface (10 nm or
less). If the tip-sample force is attractive, the probe is in non-contact mode. If it gets closer to the
sample (< 0.5 nm), the repulsive force dominates, and the probe is in the contact mode. The main
advantage of the non-contact mode is the very weak force exerted by the tip on the sample (10-12 N)
and so more lifetime of the tip and less damage to the sample. However, the image resolution is
generally less than the contact mode. The cantilever holds the probe. The cantilever and the probe
oscillate, and their vertical motion is detected by the laser position after reflection from the back of
the cantilever. The photodetector array is used to monitor the laser position and the data is sent to
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the data processor that, combined with the scanner feedback loop, translates this data it into a 3D
topography image. [79]

All AFM measurements in this dissertation were conducted using AIST-NT OmegaScope Atomic
Force Microscope. The probes used were the Nanosensors silicon SPM probes with resonance
frequency 204-497 kHz and using the non-contact mode (tapping mode).

2.5 Scanning Electron Microscope (SEM) & Energy Dispersive X-ray Spectroscopy (EDS)

Scanning Electron Microscope (SEM) is one of the techniques used to produce images of samples
surfaces using a beam of electrons. Electrons beams can be extracted from field emission source or
thermionic emitter; they can be easily guided and shaped with electromagnetic fields along an
evacuated column to control the beam focus and direction. Electrons have a strong interaction with
(a)

(b)

Figure 2.7 (a) The signals generated when the electron beam strikes the specimen. (b) A schematic
of the SEM components [79] © Springer Nature (2018). Reprinted with permission.
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matter. Furthermore, electrons have a shorter wavelength than light (λ electrons ≈ 10-11 m, λlight ≈ 10-7 m),
and that gives a better resolution for imaging. Vacuum is important to avoid contamination of the
source and scattering of electrons before reaching the sample.
Electrons from the source are called Primary Electrons (PE). When PE hit the sample, various
interactions happen (Figure 2.7a), providing diverse information about the sample. The main
electrons used for SEM imaging are the Backscattered Electrons and Ionized electrons (Secondary
electrons). Some electrons knock out the atom’s inner-shell electrons in the sample. This causes
electrons from the outer shell to fill in and release high energy (X-ray) photons. The spectroscopy of
these photons is called Energy Dispersive X-ray Spectroscopy (EDS). Each element has its own Xray spectrum, so it can be considered as a fingerprint of chemical elements. The spectroscopy of
these X-rays can give indications of the different elements in the sample, their ratios and hence the
materials compositions. [80]

The SEM images used in this dissertation were taken using a JEOL JSM-6390LV with tungsten
thermionic filament. The images were collected with 5 kV electron beam in high vacuum (10-7 torr).
The EDS data was taken by Oxford Instruments; INCAx-sight 7582M, liquid-nitrogen cooled EDS
system that is integrated with the SEM JEOL system. The EDS spectra were taken using 20 kV
beam.

2.6 Transmission Electron Microscope (TEM) & Electron Energy Loss Spectroscopy (EELS)

Transmission Electron Microscope (TEM) is another tool used to characterize the samples. As
mentioned before, electrons are widely used for imaging because of their short wavelength and easy
control of focus and direction. TEM uses a beam of electrons that penetrates through the samples
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to produce images. Therefore, samples used for TEM should be very thin and the samples should be
transferred to TEM grids or a substrate with holes to get the images. The electrons penetrating the
samples are scattered and then collected to produce images. The high spatial resolution of TMEs \
(a)

(b)

(c)

Figure 2.8 (a) a schematic of the basic imaging mode in the TEM (b) The components of the EELS.
(c) The electron rays’ path through the magnetic prism to the dispersion plane. [80] © Springer
Nature (1996). Reprinted with permission.

allows to distinguish individual atoms. Thus, TEM is used to study the crystal structure, orientation,
defects, vacancies, grain boundaries, dislocations and many other characteristics. The electrons
penetrating through the sample interact with the material and get scattered. Some of these
scatterings are inelastic. For instance the incident electron knocks out an inner-shell’s electron from
the sample or interact with plasmons, etc. This causes a loss in the incident electron kinetic energy.
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So, if this loss in the kinetic energy is measured, it can give some information about the electronic
structure, the chemical elements, the composition of the sample, plasmonic excitations, etc. The
spectroscopy of this kinetic energy loss is called Electron Energy Loss Spectroscopy (EELS). This
complementary technique can help to better understand the sample being measured. However, the
sample should be very thin to get a good spectrum and avoid plural scattering. [81]

In this dissertation High-angle annular scanning transmission electron microscopy (HAADF-STEM)
and STEM imaging were carried out in an aberration-corrected JEOL JEM-ARM200cF with a coldfield emission gun at 200 kV. The STEM resolution of the microscope is 0.78 Å. The STEM images
were collected with the JEOL HAADF detector using the following experimental conditions: probe
size 7c, condenser lens (CL) aperture 30 μm, scan speed 32 μs pixel−1, and camera length 8 cm,
which corresponds to a probe convergence angle of 21 mrad and inner collection angle of 46 mrad.

2.7 Field Effect Transistor (FET) Devices

Fabricating Field Effect Transistors (FETs) with the 2D materials can serve as a test of their
potential applications, but also to investigate their electrical response, carriers type and resistivity,
among others. Figure 2.9 shows a schematic of a typical FET. The material is synthesized on a
substrate composed of a 285 nm SiO2 (Insulator) on top of heavily doped Si wafer used as back
contact gate. Patterned metallic contacts are deposited on top of the samples to be used as current
source and drain. The FET is then tested by connecting the drain, the source and the gate to power
meters to provide and measure the currents and voltages. The current goes through the sample from
the drain to the source (Ids). The gate voltage (Vg) can be used to amplify the Ids current or to switch
it on and off.
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Figure 2.9 A schematic of the FET setup used in our laboratory.

In this dissertation the devices were fabricated by evaporating 8 nm of Ti and 80 nm of Au using the
Angstrom Engineering Thermal Evaporator. TEM grids (Electron Microscopy Sciences grids) were
used as shadow masks to define the electrical contact patterns. The evaporation took place at ≈ 10-7
torr. The I-V measurements were taken in ambient conditions using 2450 Keithley source meters in
a probe station with Signatone micro-manipulators and probes.
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3 In-situ TMDs Photo-conversion

Laser-assisted modifications have emerged as an alternative and reliable technique for local tailoring
of the chemical, structural, optical, and electrical properties in a variety of nanomaterials. [70] In
particular, for layered and 2D materials, [68, 69, 72, 73, 82] laser thinning of layered MoS2,[68, 69]
WS2,[69] and WSe2 [72] have proven to be an efficient way to produce on-demand monolayer films.
Additionally, laser-induced site-specific doping of ultrathin MoS2 and WSe2 in a phosphine
environment [73] has been demonstrated, facilitating the localized modification of the intrinsic
photoluminescence as well as the electrical response in a 2D device configuration. Enhancement of
the electrical conductivity of WSe2 monolayer was observed during the laser-assisted oxygen
passivation of chalcogen vacancies. [72] Local oxidation using a focused laser beam was also
demonstrated to be effective in modifying the photoresponse of phosphorene-based 2D devices.
[82] Additionally, a laser patterning technique has been employed to fabricate micro-supercapacitors
using paintable graphene [83] and MoS2 film [84]. The success of the above-mentioned experiments
suggests that postgrowth laser-assisted methods can become a reliable route to tailor the
physicochemical properties of 2D materials. However, other than inducing evaporation, oxidation or
doping, the potential of postgrowth laser-assisted method is yet to be verified for in situ changing of
the chemical composition of transition-metal dichalcogenides (TMDs), such as creating localized
ternary alloys, or even completely replacing the chalcogen atoms. In this chapter, we report the
successful laser-induced chemical modification of suspended TMD monolayer films via local
exchange of the chalcogen atoms: selenides to sulfides. With the proposed method, total or partial
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replacement of the chalcogen atoms was achieved, in both WSe2 and MoSe2 suspended films. The
time constants associated with the different photochemical mechanisms involved in the conversion
process were studied by in situ monitoring the Raman and photoluminescence spectra of the
samples. Our results suggest that postgrowth laser-induced chemical modifications could be
considered as an alternative route for the fabrication of spatially localized ternary alloys and in-plane
2D heterostructures in a controlled gas environment.

3.1 Defects Healing

The laser irradiation plays a double role in creating selenium vacancies via local heating and
dissociating the H2S gas molecules which further take part in the chemical exchange. The
wavelength of the laser, power, exposure time, and the composition of the reactive atmosphere are
the main parameters that directly affect the photoconversion process. We evaluated the effect of
different laser wavelengths (632 nm, 532 nm, and UV light) on the photoconversion yield. The
excitation wavelength of 532 nm produced the best results, whereas no chemical conversion was
observed with the 632 nm laser. Exposure to UV light, on the other hand, induced uncontrolled and
delocalized dissociation of the H2S molecule resulting in sulfur deposition over the entire sample
surface and on the quartz optical window. Hydrogen and sulfur generation by photolysis of H 2S gas
molecules under UV radiation have been extensively studied in the past.[85]

The laser power was found to be a critical parameter. Very high laser power (>1 mW) irreversibly
damages the sample crystal structure. On the other hand, low laser power (<0.3 mW) does not
contribute significantly to the removal of selenium atoms and subsequent creation of chalcogen
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(a)

(b)

Figure 3.1 PL spectra of as-grown (green curves) and laser-healed (blue curves) samples of (a) WSe2
and (b) MoSe2. All the spectra were taken on suspended films
vacancy that are needed for the chemical exchange. Nevertheless, samples irradiated with low laser
powers (≈0.3 mW) improved the photoluminescence efficiency without notable shift of the
photoluminescence (PL) peak position (Figure 3.1), suggesting that although no significant chemical
conversion happened, the number of nonradiative recombination centers (e.g., vacancies and
defects) was reduced or passivated for this range of laser power. Both WSe2 (Figure 3.1a) and MoSe2
(Figure 3.1b) monolayers displayed increased PL intensity after several minutes of laser exposure in
the presence of H2S atmosphere.

Atomic healing of chalcogen vacancies at low laser powers, in the presence of oxygen, have been
previously reported.[72] In our case, the H2S-rich environment facilitates the incorporation of sulfur
atoms to passivate the selenium vacancies already existing in the as-grown TMD material (See Figure
3.2). Small amounts of sulfur (<1%) are not expected to significantly affect the PL peak position;
however, in some samples, a small PL peak shift (≈50 meV) to higher energies was observed.
Although this small shift could be associated with a transition from trions to free excitons due to
neutralization of defect-related doping, alloying with low sulfur composition cannot be ruled out.
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H2S dissociates at high temperatures (>900°C)[86]; hence the increase in sample temperature due to
irradiation with low laser powers might not be sufficient to dissociate the H2S molecule. However,
the selenium vacancies already present in the chemical vapor deposition (CVD)-grown film can act
as localized centers to catalyze the H2S molecule dissociation. Previous reports have also shown the
efficient dissociation of H2S molecule at significantly lower temperatures in the presence of
catalysts.[87]

3.2 Chalcogen Atom Exchange

An intermediate laser power of 0.7 mW was found to be optimal for inducing photochemical
conversion without notable damage to the crystalline structure. Using this laser power, two different
experiments were conducted with distinct reactive atmosphere, the first experiment with only H 2S
gas and the second with a mixture of H2S: H2+Ar (4:1 vol.). For fixed conditions of laser power,
wavelength and TMD film thickness, it is reasonable to assume that the Raman peak intensity of the
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(a)

(c)

(b)

Figure 3.2 Atomic-resolution HAADF-STEM imaging of Se vacancies in the CVD-grown WSe2
monolayers. (a) Gray scale HAADF-STEM image of the WSe2 crystal lattice. (b) Scattered-electron
intensity profile along the white line in (a) and its corresponding atomic ball model; showing the
different local intensities corresponding to W sites (red atoms), Se 2 sites (yellow atoms), single
selenium vacancies (VSe) and double selenium vacancies (VSe2). (c) Same image as in (a) but in a color
intensity scale for easy identification of selenium vacancies. In this image the atomic locations
corresponding to W appear in yellow (maximum intensity), double selenium sites appear in red
(intermediate intensity), single selenium vacancies are in green (some of them where highlighted by
the white circles) and double selenium vacancies are in blue like the background (only two V Se2 can
be observed in this image)
different phonon modes is directly proportional to the number of metal–chalcogen chemical bonds.
This allows in situ monitoring of the temporal variation of each chalcogen atom content through the
time- WSe2, the A1g and E12g phonon modes exhibit a small frequency difference (<3 cm −1), for a
monolayer these two modes overlap and become degenerated at 250 cm -1, [88] for clarity in this
manuscript we will refer to this peak simply as dependent Raman intensity of its corresponding
phonon modes. In multilayered A1g In WS2, the frequency of the A1g phonon mode is around 420
cm−1and is sensitive to the number of layers.[34, 88] For alloys (WSe2(1–x)S2x) this frequency can vary
between 402 and 420 cm−1 as a function of x.[27] The E12g (≈355 cm−1) and 2LA (≈350 cm−1) modes
in WS2 are very close in frequency and their peaks often overlap, their positions are not significantly
affected by number of layers [34] or composition,[27] but the intensity of the 2LA mode is higher
when the excitation wavelength is close to a double resonant condition.[34]
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Figures 3.3a and 3.4a show the time evolution of the Raman peaks intensities using H 2S and H2S:H2
+ Ar environments, respectively. In both experiments, the intensity of the A 1g phonon mode of
WSe2 exponentially decreases over time suggesting a reduction in the number of W-Se chemical
bonds and hence the creation of Se vacancies. Contrary, the A 1g and E12g phonon modes
corresponding to WS2 increased with time, which can be associated with subsequent incorporation
of sulfur atoms into the TMD crystal lattice. The absence of H2S have different effects. Figure 3.5
shows the results of the control experiments for WSe2 monolayers exposed to 0.7mW laser intensity
in Ar+H2 atmosphere only. The sample was exposed to the laser with the same amount of gas used
during the experiments described in figures 3.3 and 3.4 but without the H2S (Figure 3.5a). The
continuous creation of vacancies induces a collapse of the crystal structure in the first three seconds
of the experiment and opens a hole in the film. The sharp drop of the Raman intensity (red arrow),
after two minutes of laser exposure a second sharp intensity drop suggests an enlargement of the
hole in the sample. Figures 3.5b and 3.5c show the optical images before and after the experiment,
respectively. The film damage (hole) can be clearly observed in 3.5c. For comparison, an additional
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(a)

(b)

(c)

Figure 3.3 (a) Time-dependent evolution of the Raman intensity peaks for the WSe2 (A1g) and WS2
(A1g and E12g) under laser irradiation (532 nm, 0.7 mW) in a H2S atmosphere. (b) Raman spectra for
different exposure times. (c) Time evolution of the PL spectra for three different times; the black
curves are a magnified section of the underlying spectrum to better visualize the low intensity bands
between 730 and 800nm
experiment was performed at a higher gas pressure of 1.6x103 Torr (Figures 3.5d and 3.5e). Higher
Ar + H2 gas pressure increases the number of hydrogen atoms per unit area available for reaction
(higher gas density), but also increases the heat exchange between the sample and the environment,

(a)

(b)

(c)

Figure 3.4 (a) Time-dependent evolution of the Raman intensity peaks for the WSe2 (A1g) and WS2
(A1g and E12g) under laser irradiation (532 nm, 0.7 mW) in a H2S+H2+Ar atmosphere. (b) Raman
spectra for different exposure times. (c) Time evolution of the PL spectra for three different times; the
black curves are a magnified section of the underlying spectrum to better visualize the low intensity
bands between 730 and 800 nm
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(a)

(d)

(b)

(c)

(e)

Figure 3.5 WSe2 monolayer samples exposed to 0.7mW laser intensity in Ar+H 2 atmosphere only.
(a) Time dependent Raman intensity of the WSe 2 A1g mode within a 318 Torr atmosphere of Ar +
H2 (5%), (b) and (c) show the optical images before and after the experiment, respectively. The red
dashed circle highlights the position in the grid where the experiment was performed, and the red
arrow indicates the crack in the sample after the experiment was completed. (d) Time dependent
Raman intensity of the WSe2 A1g mode within a 1.6x103 Torr atmosphere of Ar + H2 (5%), (e) Time
evolution of the PL spectra for three different times of the experiment in (d)
producing a heat sink effect. For this pressure, the Raman signal showed an exponential decrease
(Figure 3.5d). The decrease of the PL signal over time, shown in (e), is also an indication of
crystalline defects creation.
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3.3 Mechanism of Photo-Chemical Conversion

As mentioned above, slight variations of the A 1g peak position with respect to previous reports [34]
can be attributed to alloying effects [27] during the photoconversion process. The time-dependent
data for the WSe2 and WS2 Raman intensities were best fitted to a double exponential decay
(Equation (1)) and a single exponential function (Equation (2)), respectively:
𝐼𝑊𝑆𝑒2 = (𝐼0 - 𝐼𝑚𝑖𝑛 ) (𝑒

𝐼𝑊𝑆2 = 𝐼𝑚𝑎𝑥 (1 − 𝑒

𝑡
𝜏3

−

𝑡
𝜏1

−

)

+𝑒

𝑡
𝜏2

−

) + 𝐼𝑚𝑖𝑛

....................................................... (3.1)

.........................................................................

(3.2)

An exponential time dependence of the reactant concentration [C] is a fingerprint for first-order
chemical reactions, where the rate of change of the concentration (d[C]/dt) is directly proportional
to [C]. The double exponential decay in the WSe2 Raman peak intensity, with different time
constants (τ1 and τ2), suggests that two competing mechanisms for the creation of Se vacancies can
occur simultaneously: i) direct thermal removal (or evaporation) of Se atoms creating gaseous
selenium and ii) thermally activated chemical reaction between selenium atoms in the TMD and the
hydrogen molecules in the gas environment, releasing H 2Se molecules. Since the shortest time
constant (τ1) does not change significantly with the gas environment (see Table 3.1), τ1 could be
related to the first mechanism (thermal evaporation of Se). The second time constant (τ2) is reduced
to half when hydrogen is added to the gas environment, suggesting that τ2 characterizes the second
mechanism. Even when only H2S is used as reactive atmosphere, the hydrogen released after
dissociation of H2S molecules will be available to react with Se atoms creating new vacancies, but in
less proportion. In fact, the presence of hydrogen accelerates the formation of Se vacancies, as
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indicated by the reduction of the time constant (τ3) associated with the sulfur incorporation (see
Table 3.1).

Table 3.1 Time constants obtained from fitting the time-dependent data in Figures 3.3a and 3.4a, to
Equations (3.1) and (3.2)
Gas

Phonon mode

τ1[s]

τ2[s]

τ3[s]

H2 S

(WSe2) A1g

19 ± 3

321 ± 27

-

(WS2) A1g

-

-

179 ± 4

(WS2) E12g

-

(WSe2) A1g

13 ± 2

162 ± 10

-

(WS2) A1g

-

-

83 ± 3

(WS2) E12g

-

-

86 ± 3

H2S+H2

(a)

120 ± 3

(b)

Figure 3.6 (a) Position dependent Raman spectra along a line crossing the converted spot in Figure
3.8b of the manuscript. (b) HAADF-STEM image of a region within the converted spot showing
the presence of a small bilayer island
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As expected, the time constants obtained for both phonon modes (A1g and E12g) of WS2 have very
close values. In both experiments, the intensity of the Raman peak for WSe2 is never completely
reduced to zero, one possible explanation for these results could be due to the Gaussian intensity
distribution of the laser spot; outer regions of the spot might not receive sufficient power to
completely activate the photoconversion process, but still contribute to the collected Raman signal.

Another reason could be the presence of few-layer WSe2 fragments that are more stable and difficult
to convert into WS2 than the monolayer WSe2 when using 0.7 mW of laser power. (Figure 3.6b and
3.7b). Figure 3.7 shows the modification experiment results for the bilayer WSe 2. The time
dependence of the Raman intensity (Figure 3.7b) shows that the WSe2 A1g peak slightly decreases
with time, while the WS2 E12g mode starts to rise. After 80 seconds of experiment, both signals suffer
a sharp decrease in intensity (red arrows) suggesting a structural collapse and subsequent hole
opening in the film. Notice that the WS2 signal drops completely to zero, suggesting that mainly the
region exposed to the center of the laser spot (with higher intensity and where the photo-conversion
took place) suffered the main damage. The rising WS2 Raman modes are apparent in the top blue
spectra. This last experiment suggests that the photo-conversion in bilayers is also possible given a
systematic optimization of the experimental conditions.
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(a)

(b)

(c)

(d)

Figure 3.7 Laser-induced modifications in WSe2 bilayers. Experiments using a laser power of 0.7
mW were conducted for WSe2 bilayers in (a) Ar + H2 atmosphere only; and (b) in H2S + Ar + H2. In
a different experiment, a higher laser power (1.75 mW) was used for a WSe 2 bilayer (c) (d) Raman
spectra corresponding to the experiment in (c), at 0 min. and after 68 min. of experiment

The PL spectra were acquired only at certain times during the experiments. The PL spectra of the
suspended WSe2 films used in the photoconversion experiments (top of Figures 3.3c and 3.4c) show
a strong peak around 760 nm consistent with monolayer WSe 2; the asymmetric shape of the peak
toward lower energies suggests that the film also contains a small fraction of bilayer regions. When
the photoconversion took place in pure H2S gas (Figure 3.3c), the highest PL peak shifted from 760
nm (1.63 eV) to 645 nm (1.92 eV) in 4 min, and after 34 min slightly shifted to 640 nm (1.94 eV).
This suggests that the main chemical conversion happens during the initial 4–6 min of the process,
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which agrees with the time-dependent Raman data. The final position of the PL peak at 1.94 eV is
consistent with a high sulfur content (x ≈0.9) WSe 2(1–x)S2x ternary alloy. [27] When H2 was also
present in the gas environment (Figure 3.4c), the PL peak position shifted to 653 nm (1.90 eV) after
2 min, and at the end of the process (after 34 min) the PL peak position was at 617 nm (2.01 eV),
suggesting a complete conversion from WSe2 to WS2 at the center of the laser spot. A weak PL band
(magnified black curves in Figures 3.3c and 3.4c) was observed between 730 and 800 nm (1.70 and
1.55 eV) after the conversion experiments. This low energy band could be related to a combination
of PL from small regions of bilayer WSe2 and/or from alloyed regions, with low-sulfur content, in
the outer ring of the laser spot that were exposed to lower power due to the Gaussian intensity
profile of the laser, this is in agreement with the Raman observations discussed above.

The spatial PL intensity maps (Figure 3.8), obtained ex situ with higher resolution optics (see
methods), confirm that the exchange of chalcogen atom only took place in a region confined to the
laser spot. Figure 3.8b shows a map of the intensity ratio for the main PL peaks of WS 2 and WSe2
(I2.00 eV /I1.63 eV), corresponding to the experiment performed in H2S + H2 + Ar atmosphere. In this
map, regions where the PL emission from monolayer WS2 is very intense appear in red, while the
blue regions consist of unaltered WSe2. Figure 3.8c shows normalized PL spectra taken at different
positions along the dashed line in Figure 3.8b. The position of the PL peak (615 nm) within the
chemically converted region is consistent with pure WS2 (≈2.0 eV). This was also confirmed by ex
situ Raman measurements (Figure 3.6a).
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(a)

(c)

(d)

(f)

(e)

(b)

Figure 3.8 Spatially resolved PL data for the photoconverted samples in H 2S + H2 + Ar (a–c) and
H2S (d–f). (a,d) are optical image of WSe2 monolayer films suspended on Ni TEM grids, the white
squares indicates the grid holes where the photoconversion experiments were performed. (b,e) are
PL intensity maps of the ratio PLWS2/PLWSe2 and PLWSe2(1–x)S2x/PLWSe2, respectively, after conversion.
The dashed white circles indicate the approximate position of the hole edge in the TEM grid. (c,f)
are normalized PL spectra for different points along the straight dashed lines in (b,e), respectively

Figure 3.8d–f shows a similar analysis fo the sample processed in the H 2S atmosphere. In this case,
the PL peak position within the photoconverted region varies between 641 and 652 nm (1.94 and
1.92 eV) which suggests the formation of a sulfur-rich ternary alloy (0.8 < x < 0.9).[27] In general,
the PL signal at the WS2 converted regions is stronger than the PL from the WSe2 film, this is also
consistent with the higher signal-to-noise ratio observed for the normalized PL spectra
corresponding to WS2 region (Figure 3.8c). The fact that the WS2 obtained from the
photoconversion process is a strong PL emitter suggests that little or no damage was introduced in
the crystal lattice; since high concentration of crystalline defects could have reduced the overall PL
yield.
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The crystallinity and chemical composition, at the regions exposed to the laser, were further
characterized by Z-contrast scanning transmission electron microscopy (STEM; Figure 3.9 a,b) using
a high-angle annular dark-field (HAADF) detector and electron energy loss spectroscopy (EELS;
Figure 3.9 e,f). In Z-contrast STEM images with atomic resolution, the relative scattered electron
intensities at the different atomic positions can be used to identify the metal sites (W in this case) as
well as different combinations of the chalcogen atoms (i.e., S2, Se2, or SSe) in monolayer TMDs. [8991] Figure 3.9a shows an atomic resolution STEM image from a region close to the center of the
laser spot, revealing the high-quality single crystal structure that was preserved after
photoconversion in the H2S + H2 + Ar atmosphere. The corresponding electron intensity histogram
(Figure 3.9c) displays only two intensity maxima associated to the S 2 sites (500–1000 a.u.) and W
sites (2250–3000 a.u.), suggesting an almost complete replacement of selenium atoms by sulfur at
the center of the laser spot. A region located around 500 nm away, also presents high crystalline
quality (Figure 3.9b). Its electron intensity histogram (Figure 3.9d), however, contains four different
features, three associated with the distinct chalcogen atoms site configurations (S2, SeS, and Se2) and
one feature for the W sites, characteristic of a WS 2xSe2(1–x) ternary alloy. As discussed above, the
formation of a ternary alloy originates from partial conversion in the outer region of the Gaussian
spot with less laser power. EELS spectra for the sulfur L-edge (Figure 3.9f), selenium L-edge and
tungsten M-edge (Figure 3.9e) were also acquired at different positions relative to the laser spot, i.e.,
close to the center (green), at the outer ring (red) and in a region not exposed to the laser (black). We
can see that as we approach the center, the EELS intensity of the sulfur L-edge increases (Figure
3.9f) while the selenium L-edge decreases (Figure 3.9e). The plural inelastic scattering background
has been subtracted from these EELS spectra and the intensity of the sulfur and selenium signals are
measured relative to the minimum intensity at the left of the spectra. The signal for the tungsten Medge, however, overlaps with the tail of the selenium L-edge. Hence, the W signal is related to the
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(a)

(c)

(e)

(b)

(d)

(f)

Figure 3.9(a,b) False color atomic-resolution HAADF-STEM images at different positions in the
chemically converted region, with complete chalcogen substitution (a) and partial chalcogen
substitution (b). In both images, the brightest yellow dots correspond to the tungsten atomic sites,
while the low intensity blue dots are the chalcogen sites. (c,d) are the corresponding electron
intensity histograms of atom sites in (a,b), respectively. EELS spectra for (e) selenium L-edge and
tungsten M-edge, and (f) sulfur L-edge at different positions along the chemically converted region
exposed to the laser spot, center (green), edge (red), and out nonexposed (black)

height of the intensity step at the W M-edge, which is similar for the three regions. This is expected
since, during the photoconversion process, only the chalcogen atoms were replaced. Similar
experiments of laser-assisted chemical modification were successfully conducted in suspended
monolayers of MoSe2. Preliminary results are shown in Figure 3.10. These results confirm the main
results obtained in the WSe2 case about the hydrogen role in facilitating the process. The conditions
for MoSe2 require further optimization; however, the fact that partial or total photoconversion was
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achieved in both materials (WSe2 and MoSe2) suggests that this approach could be implemented in a
larger family of 2D materials.

Table 3.2 Two Parameters obtained from fitting the time-dependent data in Figure 3.10 a, b, to
Equations (3.1) and (3.2)
Gas

Phonon mode

τ1[s]

τ2[s]

τ3[s]

H2S

(MoSe2) A1g

3

333 ± 14

-

(MoS2) A1g

-

-

2427 ± 60

(MoSe2) A1g

1.35

76 ± 4

-

(MoS2) A1g

-

-

846 ± 32

H2S+H2
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(a)

H2S

(b)

(c)

(d)

(e)

(f)

H2S + H2

Figure 3.10 Time-dependent evolution of the Raman intensity peaks for the MoSe2 (A1g and E12g),
MoS2 (A1g and E12g) and PL intensity peaks under laser irradiation (532 nm, 0.7 mW); (a) in a H2S
atmosphere and (b) in a H2S+H2 atmosphere (c) and (d) Raman spectra before (top) and after
(bottom) conversion in H2S and H2S+H2 atmospheres, respectively. (e) and (f) PL spectra before
and after conversion in H2S and H2S+H2 atmospheres, respectively
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4 TMDs Nitrogen Doping

Semiconducting layered transition metal dichalcogenides (TMDs) have attracted significant attention
due to their potential as building blocks for a next generation of two-dimensional (2D)
optoelectronic devices and circuitry. On the other hand, p-n junctions based on TMD materials, are
key active elements for a variety of 2D devices including rectifying diodes, photodetectors,
photovoltaics, and light emitting devices. Therefore, developing reliable approaches for controllable
electronic doping is an important step toward the practical realization of this promising technology.
The type and density of the free charge carriers in 2D materials can be adjusted through molecules
physisorption,[40, 92-94] electrostatic doping,[95, 96] covalent functionalization[97] or substitutional
doping.[57, 98, 99] Among them, substitutional (metal or chalcogen) doping via covalent boding is a
reliable and stable route to tailor the electrical and optical behavior of 2D TMDs.

The substitutional doping can be implemented either during the synthesis of the TMDs or in a postgrowth step. Doping during the synthesis of the TMD material will lead to homogeneous doping of
the entire sample. However, on-demand local doping is generally required for making complex
devices; in this case, post-growth site selective doping approaches such as laser-induced chemical
reactions could be an interesting alternative.[73, 100, 101] Laser irradiation has become a reliable
tool for inducing controlled modification, synthesis and functionalization of nanomaterials.[102-104]
This technique has been successfully implemented for local chemical reactions,[100, 101]
etching,[69] thinning,[68, 105] oxidation,[106-109] patterning,[84, 110] cleaning,[111] passivation[72,
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111] and doping[73] of layered two-dimensional materials. Using laser-induced local oxidation of
WSe2 [109] and MoTe2, [108] 2D junctions with diode-like response have been fabricated. Despite
this progress, laser-assisted substitutional doping, where chalcogen atoms are replaced by elements
from other groups (e.g. groups V or VII) have been less explored. Only one report from
Grigoropoulos’ group demonstrated site specific phosphorous doping of ultrathin MoS 2 and WSe2
by laser irradiation in a phosphine environment.[73] Similar to phosphorous doping, nitrogen
substitution of the chalcogen atom also leads to p-doping in TMDs.[57, 112, 113] Theoretical
simulations, however, have predicted that nitrogen doping is more promising for catalyzing oxygen
reduction reaction.[113] Nitrogen-doping (p-type) in TMDs can be achieved via nitrogen plasma
exposure[57] and post-synthesis annealing in amonia.[112] For p-doping of TMDs, a reactive
environment of NH3 offers a less toxic, less flammable and more stable alternative than PH 3 and
AsH3. Here we report laser-assisted p-type nitrogen doping of supported and suspended few-layers
TMDs using NH3 as reactive environment. The time evolution of the doping process was monitored
by in situ Raman and PL spectroscopies. Nitrogen incorporation causes changes in the Raman
spectra due to local strain and changes in the electron-phonon interaction. Likewise, it affects the PL
spectra through changes in the free excitons and trions populations. In this report we also
demonstrate that laser assisted substitutional doping can be used for fabricating p-n homojunctions
of few-layers MoS2.

TMDs films were synthesized following a water-assisted CVD method described in the methods
section and in previous reports.[64, 114] In general, the Mo-based TMDs grown by this CVD
method are n-type, while the W-based present p-type conduction.[64, 114] Nitrogen (group-V) acts
as an acceptor impurity when substitutes chalcogen (group-VI) atoms S or Se, increasing the
concentration of free holes (p-type doping).[113] After the growth, TMDs supported on SiO2
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substrates or TMDs suspended on Ni TEM grids were placed in a sealed stainless-steel mini
chamber with an optically transparent quartz window that allows to focus the laser beam on the
sample surface. The chamber is then evacuated and filled with the desired gas atmosphere, in this
case NH3 which is used as nitrogen precursor for the substitutional doping. The schematic of the
laser-assisted doping mechanism is shown in Figure 4.1a. The excitation wavelength of 532 nm was
used in all the experiments. The laser locally heats the sample, creating chalcogen vacancies and
dissociating the NH3 gas molecules. The atomic nitrogen, resulting from the cracking of NH 3
molecules, incorporates into the TMD lattice, filling the chalcogen vacancies originally formed
during the growth process and those created due to the laser heating.

4.1 Doping of One- and Few-Layers MoSe2 and WSe2

Three different TMD compounds were studied, i.e. MoSe 2, WSe2 and MoS2. Figure 4.1b shows the
evolution of the PL spectrum for a MoSe2 monolayer when exposed to NH3 atmosphere under laser
irradiation. As we mentioned before, the CVD grown MoSe 2 samples are n-type and presented a PL
peak at 1.52 eV due radiative recombination from negative trions (e --e--h+). After 10 min. of laser
irradiation in NH3 atmosphere, the main PL peak shifts to 1.57 eV and the intensity increases by a
factor of three. The blue shift of 50 meV is consistent with the energy difference between trions and
excitons.[115] This suggests that nitrogen p-doping compensates the original electrons excess in the
sample and more electronic transitions due to neutral excitons (e --h+) are involved in the PL response.
Similar blue shift of the PL peak has been previous observed in originally n-type MoS2 after doping
with phosphorous.[73] For p-type WSe2 monolayers, however, the nitrogen doping only increases the
concentration of already existing free holes. Consequently, the position of the main PL peak around
1.61 eV, which has been previously assigned to positive trions (e --h+-h+) in WSe2,[105] does not
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change after 10 min. doping, only the intensity decreases (see Figure 4.1c). After 30 min. of laser
exposure the intensity further drops and the PL peak position slightly redshifts in 20 eV. This
intensity drop and redshift could be associated with the increase in defects density after long laser
exposure.

Nitrogen-doping was also performed in few-layers TMD films. For suspended bilayer WSe2 samples,
the PL spectrum is composed of two overlapping peaks (Figure 4.1d), one at around 1.60 eV
corresponding to the positive trions X+ and the other at 1.66 eV that we tentatively assign to the
neutral direct excitons X0. For increasing laser exposure time the intensity ratio of these two peaks
(X+/X0) show some fluctuations, but the overall trend is to increase (Figure 4.1d). This is consistent
with a rise in the population of positive trions that results from nitrogen p-type doping. It is worth
mentioning that previously reported trion binding energies varies between 30-45 meV,[105, 116] and
the energy difference of 60 meV between neutral exciton and positive trions reported here is slightly
larger. The physics of excitonic complexes in WSe 2 is quite rich,[116-118] the PL can be tuned using
electrostatic gating. Recently, low temperatures experiments demonstrated that negative gate voltages
(electrostatic p-doping) can activate the emission from dark positive trions with energies around 60
meV lower than free excitons.[118] The Raman spectrum of WSe2 exhibit two main peaks (Figure
4.1e), the most intense at 253 cm-1 has been identified in the literature as the superposition of two
Raman modes, the A1g and E12g, which are almost degenerated at the  point,[119, 120] and the lower
intensity peak at 261 cm-1 corresponds to the second order phonon mode 2LA(M).[88] The frequency
difference of 8 cm-1 between these two main peaks is close to that previously reported for bilayer
WSe2.[88, 120] As the laser exposure time increases, both peaks slightly shift to lower frequencies.
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Figure 4.1. (a) Schematics of the laser-assisted doping process, the MX2 (where M = [Mo, W] and X
= [S, Se]) are exposed to the laser beam within a NH3 atmosphere which is the source of nitrogen
atoms for the doping. (b) and (c) are the time evolution of the PL and their corresponding Raman
(insets) for 1L-MoSe2 and 1L-WSe2, respectively. (d) Photoluminescence spectra, (e) X +/X intensity
ratio and (f) Raman spectrum of suspended 2L-WSe2 as a function of laser irradiation time within
NH3 atmosphere.

Similar red shifts have been reported as a consequence of p-doping due to Au nanoparticle
decoration[121] and HCl treatment.[122] Softening of the Raman modes can also be due to tensile
strain of the Se-W bonds.[123] Nitrogen atoms are smaller in diameter compared to selenium atoms,
hence N-W chemical bonds are expected to be shorter than Se-W bonds. Since the nitrogen atoms
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will “pull” the surrounding W atoms, this will induce an expansion of the neighboring W-Se chemical
bonds, a similar effect is expected in sulfide based TMDs as discussed later in this chapter.

4.2 Doping of Suspended Bilayer MoS2

Figure 4.2a shows a scanning electron microscopy image of suspended few-layers MoS2 samples
transferred onto Ni TEM grids. The PL spatial maps for the spectral region corresponding to
excitons B (XB) and A (XA), obtained after the doping experiment, are shown in Figure 4.2a and 4.2b,
respectively. The dashed squares mark the holes in the TEM grids and hence the regions where the
MoS2 is suspended. The intensity of both excitonic emissions is higher at the spot irradiated by the
laser, region pointed by the white arrow. The corresponding Raman spectra in Figure 4.2d show two
1
main peaks around 385 and 409 cm-1 for to the 𝐸2𝑔
and 𝐴1𝑔 phonon modes, respectively.[124, 125]

The 24 cm-1 position difference between these two peaks is close to that expected for bilayer
MoS2.[124, 125] For increasing laser exposure times, there is a systematic shift to lower frequencies
indicating a softening of the phonon modes. The simultaneous red shift of both Raman modes is
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Figure 4.2. Nitrogen doping of suspended 3L-MoS2. (a) SEM image of MoS2 sample transferred to a
TEM grid. (b) and (c) PL maps for the energy regions corresponding to the XA and XB excitons,
respectively. (d) and (e) are the Raman and PL spectra, respectively, as a function of the laser
irradiation time. (f) and (g) EDS maps for the Mo-K and N- K lines, respectively. The dashed
circle indicates the position of the laser spot during the doping and the white arrow indicates a
PMMA residue taken as reference for the position. (h) Averaged EDS spectra taken inside the laser
spot region (red) and outside the laser spot (black). consistent with biaxial tensile strain of the S-Mo
bonds.[126, 127] Similar to the case of selenide compounds discussed above, the N-Mo bond length
is expected to be small compared to S-Mo atomic bond. Hence, the replacement of a sulfur atom by
nitrogen will “pull” the Mo atoms closer to the nitrogen atom, causing a local isotropic expansion of
the surrounding Mo-S bonds, leading to a tensile stain field (biaxial) around the nitrogen impurity.
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We performed first principle simulations to calculate the S-Mo bond stretching induced by a
nitrogen impurity. Every monolayer of MoS2 contains an atomic plane of Mo atoms sandwiched inbetween two external sulfur planes.

(a)

(b)

(d)

(c)

(e)

Figure 4.3. (a) Crystal structure of nitrogen doped MoS 2. The colors of the sticks representing the
bonds have a color code associated with the bond length (see legend). (b)-(e) Calculated density of
states for undoped and nitrogen-doped monolayers and bilayers MoS2.

The balls-and-sticks model in Figure 4.3a shows the simulated MoS2 crystal structure containing a
nitrogen atom at the center of the top sulfur plane. The sticks connecting each atom have different
colors representing the variations in bond lengths. From the color scale it is apparent that the
maximum tensile distortion of the S-Mo bonds (blue sticks) occurs right beneath the nitrogen atom.
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For the rest of first and second neighbors, the tensile deformation of the S-Mo bonds is more
pronounced for sulfur atoms within the same sulfur layer (top) that contains the nitrogen atom, and
the strain field decreases radially away from the nitrogen atom. The in-situ time evolution of the
photoluminescence as a function of the laser exposure time is shown in Figure 4.2e. The initial
spectrum (0 min.) presents two main peaks at 1.825 eV and 1.975 eV, corresponding to the XA and
XB direct excitonic transitions at the K-point, respectively. The energy separation between the two
peaks is 150 meV which is consistent with the energy splitting in the valence band due to spin-orbit
coupling in MoS2.[128, 129] The overall PL intensity increases with the laser exposure time which
could be the result of cleaning and passivation as previously reported by Rao et al for low laser
intensities.[111] Additionally, the peaks broaden and there is a pronounced asymmetry of the overall
PL signal toward higher energies. After 80 min. of laser exposure, the most intense peak still
corresponds to the XA excitonic transition, but with a noticeable peak tail at lower frequencies. This
low-energy tail of the XA peak can be associated with the formation of positive trions due to the
nitrogen p-doping, but also with the increase in lattice disorder and the formation of defect-bounded
electronic states. In the same spectra, the XB exciton becomes a shoulder and a second shoulder
around 2.16 eV is close to the quasiparticle bandgap Egap.[129, 130] The energy difference between
this shoulder and XA, is also consistent with the previously reported binding energy for X A.[129]

The XB/XA intensity ratio suffers a slight increase as result of the doping process. Changes in the
XB/XA intensity ratio in TMDs have been previously correlated with the defect density.[131] Defects
create mid-gap states that increase the non-radiative recombination pathways, which affect the
lifetime of XA more than XB,[131] leading to a reduction of the XA intensity. However, this is
opposite to what we observed in our experiments. The overall increase of the PL intensity observed
in Figure 4.2e, suggests that nitrogen doping heals defects such as chalcogen vacancies which
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minimizes the non-radiative recombination pathways. Our DFT simulations show that, 5.5%
nitrogen content creates localized states at approximately 0.2 eV above the valence band, similar
results were obtained for monolayer (Figure.4.3c) and bilayers (Figure.4. 3e). These localized
acceptor states cause a p-doping behavior in the samples. For high nitrogen content (~12.5 %, not
shown) a broad band within the gap leads to non-zero density of states at the Femi level, resulting in
a semiconductor-to-metal transition.

Energy dispersive x-ray spectroscopy (EDS) maps obtained for the Mo-K and N- K lines (Figure
4.2f and 4.2g), reveled a circular nitrogen-rich region with a diameter of approximately 1.5 microns,
corresponding to the laser spot size. The center of this region presents a higher nitrogen signal, which
is consistent with the Gaussian intensity profile at the laser spot. Figure 4.2h show the EDS spectra
averaged inside (outside) the circular spot further confirming the presence (absence) of the nitrogen
K peak at 0.392 keV within the laser irradiated area.

4.3 Doping of Supported Monolayer MoS2

On demand doping has a direct application in device which, in general, are fabricated on supported
films. Figure 4.4 show our results for localized nitrogen-doping in MoS2 supported on SiO2
substrates. The presence of a substrate can directly affect the physical behavior of supported films as
well as the optimal parameters for the laser-assisted doping process. For instance, random charges
trapped in the SiO2 substrates can locally affect the electrical doping of the supported TMD
films.[132] On the other hand, isolated chemical bonds, formed during the growth, between defects
in the TMD films and dangling bonds in the substrate could originate unintentional and random
strain fields CVD as-grown films. In this regard, Verhagen et al. observed a broader strain distribution
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in CVD grown MoS2 monolayers as compared to the transferred ones.[133] And finally, heat sink
through the substrate can reduce the laser-induced local heating in the film, changing the optimal laser
power for doping.

In supported MoS2 monolayers the position of the in-plane Eꞌ phonon does not change significantly,
while the out-of-plane A1ꞌ mode slightly blueshifts (Figure 4.4a). Chakraborty et al have previously
reported that in monolayer MoS2 the electron-phonon coupling is stronger for the A1ꞌ phonon mode
than for the Eꞌ mode.[96] Consequently, changes in electron concentration will affect more the
Raman peak corresponding to the A1ꞌ phonon mode. The positions of the two first-order Raman
peaks as a function of mechanical strain[134-137] and
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Figure 4.4. In situ time evolution of the (a) Raman and (b) PL spectra for monolayer MoS 2
supported on SiO2 substrate. (c) Plot in strain vs doping coordinates for the spectra in (a), the red
line indicates increasing doping time. Eꞌ and Aꞌ are the peak positions for the Eꞌ and A1ꞌ phonon
modes of monolayer MoS2. The green point corresponds to suspended exfoliated 1L-MoS2.[124] (d)
PL spectrum acquired in air as a function of position in the island, taken along the dashed arrow in f.
(e), (f) and (g) Optical image and PL maps for the XA and XB excitons, respectively. The dashed
white circle in e indicates the position of the laser spot during the doping experiment.

charge carrier concentration[96, 138-140] have been previously studied and calibrated for monolayer
MoS2. This calibration allows us to map the evolution of nitrogen doping in strain vs doping
coordinates[132, 133, 141, 142] as shown in Figure 4.4b. The red arrow in the figure indicates
increasing laser exposure time. While there are some small fluctuations in the strain axis, the trend
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observed in Figure 4.4b suggest a reduction in the electron doping for increasing time of nitrogen
doping. Although, we have taken the origin for the strain vs doping coordinates at the peak positions
corresponding to suspended exfoliated 1L-MoS2,[124] it is worth mentioning that the Raman peaks
position for zero strain as well as charge neutrality (intrinsic semiconductor) are unknown. Hence, the
analysis of this plot is limited to relative changes in strain and doping instead of absolute values.

4.4 Fabrication of p-n Junctions by Asymmetric Doping

Interestingly, the PL spectra measure in situ as a function of laser exposure time for supported MoS2
monolayer did not revealed changes for the exciton A peak. The region corresponding to the exciton
B however increases in intensity (see Figure 4.4b). We performed the same measurement on a clean
(bare) SiO2 substrate and similar increase of PL in the region between 1.9-2.2 eV was observed,
suggesting that this PL change is a contribution from the substrate when exposed to the laser within
NH3 atmosphere. After the sample was removed from the chamber, the ex situ PL mapping (Figure
4.4d-g) reveals that the PL intensity is higher in the spot exposed to the laser. The line profile of the
PL in Figure 4.4d shows that the peak corresponding to the exciton A dominates the PL spectrum. In
general, we observed differences in intensity between the PL acquired in situ and ex situ.

We further investigated the electrical response of a field effect transistor (FET) based on bilayer
MoS2, before and after nitrogen doping. A pattern of Au (80 nm)/Ti (8 nm) electrical contacts was
deposited on the MoS2 sample using a TEM grid as shadow masks (see Figure 4.5a). Atomic force
microscopy (Figure 4.5b and 4.5c) confirm that the device in Figure 4.5 is based on bilayer MoS2.
Since the laser spot around 1.5 m and smaller than the spacing between contact (7 m), we were
able to create an asymmetric doping by scanning the laser along a line parallel to one of the contacts,
80

as shown in the schematic in Figure 4.5d, creating a p-n junction. The I-V characteristics before (blue)
and after doping (red) are shown in Figure 4.5e. The non-linear curve for the doped sample displays a
diode like behavior.
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Figure 4.5. (a) Optical image of a device based on 2L-MoS2. (b) and (c)AFM image and heigh profile,
respectively, of the 2L-MoS2 in a. (d) Schematic of the asymmetric doping of the two terminals
device. (e) I-V characteristic of the device before and after doping, a diode-like behavior is observed
after asymmetric doping.

Summarizing, local nitrogen doping in monolayer and bilayers TMDs was achieved using a laserassisted technique that allows in situ monitoring of the PL and Raman spectra. Our experiments and
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first-principle simulations show that when nitrogen substitutes a chalcogen atom, it creates localized
electronic levels near the valence band that act as p-doping for TMDs. Changes in the relative
intensity of excitons vs trions as well as the shift of 1st order Raman peaks are consistent with the
reduction in free electron concentration in n-type MoSe2 and MoS2, and the increase of the hole
concentration in p-type WSe2. The successful fabrication of p-n junctions using this laser writing
technique opens new opportunities for on demand design of 2D circuitry and devices.

82

5 Group (III) Monochalcogenides

Two-dimensional materials like graphene and Transition Metal Dichalcogenides (TMDs), have been
studied thoroughly due to their potential applications in optoelectronics. [3, 143, 144] Group-III
monochalcogenides MX (where M= In, Ga. X= S, Se) is another family of materials that presents
very interesting physical properties including relatively high carrier mobilities (compared to TMDs),
[145, 146] large photo-response [49, 147] and strong second-harmonics generation [148, 149] among
others. The development of synthetic techniques to produce high-quality 2D materials over large
areas, as well as understanding the environmental stability of the films are crucial milestones for a
successful integration of these materials into optoelectronic applications and devices.

5.1 Synthesis of Large Area GaSe monolayers

From the synthesis point of view, monochalcogenides films have been previously obtained via
mechanical-exfoliation, [150] vapor phase mass transport (VMT) in a vacuum sealed ampoule [49]
and chemical vapor deposition (CVD). [17, 151, 152] The last two techniques (VMT and CVD) are
the most promising for large area deposition. In the growth of GaSe films, GaSe powders are usually
pre-synthesized in vacuum sealed ampoules to be used as powder source in VMT and CVD growth,
this is necessary because Ga2Se3 (and not GaSe) is the most commercially available phase. The use of
gallium monochalcogenide as the evaporation source apparently guarantees the right metal-tochalcogen ratio in the gas phase that promotes the formation of GaSe with the desired
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stoichiometry. Recently, Tan et al. demonstrated that using low-pressure CVD and a combination of
Ga2Se3 and Ga pellets as precursors, few-microns sized flakes of GaSe can be grown and the flake
shape depends on the Ga:Se ratio. [153] In this chapter we report a simple atmospheric pressure
CVD method that produces continuous coverage of monolayers of GaSe and GaS. The proposed
method utilize Ga2X3 (with X=S or Se) as the precursors source, while extra gallium is added to the
source to compensate the metal-to-chalcogen ratio in the gas precursors in order to obtain the
gallium monochalcogenide films with the desired stoichiometry. This method does not require low
pressure, sealed ampoules, nucleation seeds or pre-synthesis of the GaSe powder source.

On the other hand, Raman spectroscopy has become a powerful tool to study the ambient stability
of multilayered gallium selenide films. [154, 155] Previous reports on the Raman spectrum of GaSe
have been performed by keeping the excitation laser beam on a fixed spot during the spectrum
acquisition. [17, 49, 154-157] Under those conditions, the intensity of the Raman peaks decreases
with the number of layers as the scattering volume decreases, and the spectrum of a monolayer is
difficult to measure due to a combination of very low Raman intensity and rapid
degradation−oxidation of the material. [154, 155]

It is worth mentioning that the Raman spectrum from GaSe monolayer encapsulated with h-BN has
been recently reported. [158] Encapsulation with h-BN can significantly reduce sample degradation;
[159] this approach, however, requires h-BN exfoliation and transfer which is not suitable for largearea device integration. In this work we utilized Raman spectroscopy to study the stability of bare
monolayer GaSe and GaS films exposed to ambient conditions as well as encapsulated with poly
(methyl methacrylate) (PMMA). We reduced the laser-induced sample damage by fast scanning the
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Figure 5.1 Growth of monolayer GaSe. (a) Schematic of the CVD growth method. (b−g) Low and
higher magnification optical images as well as SEM images for monolayer GaSe islands (b−d) and
large continuous coverage monolayer GaSe (e−g). (h) AFM image and (i) height profile along the
white line in (h) consistent with monolayer (1-L) growth. (j) Typical Raman spectrum of a monolayer
GaSe (the sample in (f)) taken by fast scanning the laser over a 20 × 20 μm 2 area (laser spot scanning
method) to increase signal-to-noise ratio and reduce film degradation
laser beam over 20 × 20 μm2 square areas. This method averages the Raman signal from an area and
reduces the overall laser exposure time of the material, allowing to improve the signal-to- noise ratio
of the Raman spectra from environmentally sensitive samples such as monolayers of gallium
monochalcogenides. The thickness homogeneity in our samples guarantees that the Raman signal
collected by using this method is actually from monolayers and not from a combination of different
thicknesses.

A schematic representation of the CVD growth procedure is shown in Figure 5.1a. The growth
takes place in a quartz tube reactor within a furnace. The same approach was used to grow both
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GaSe or GaS films, the precursors (Ga2Se3 + Ga or Ga2S3 + Ga) were placed upstream in a ceramic
boat in the middle of the furnace (high-temperature region 800-830 oC) while the Si substrates with
a 285nm thick SiO2, were placed downstream (at temperatures between 600-650 oC). Ar+H2(5%)
was used as carrier gas, with a flow rate of 200 sccm. The growth temperature, gas flow rate and
positions of the boat were optimized, these are the main parameters affecting the morphology and
crystal quality of the as-grown 2D films.

Optical images as well as scanning electron microscopy (SEM) images reveal that the GaSe film
coverage depends on the substrate position in the furnace. Away from the source, the films are
composed of discontinuous islands (Figure. 5.1b-5.1d); whereas for substrates closer to the source,
the monolayer films become more continuous until it covers the entire substrate surface
(Figure.5.1e-5.1g). Continuous monolayer areas as large as 5x5 mm, were obtained. The vertical
spacing between stacked GaSe monolayers (in the c-axis) is ~0.8 nm as previously measured by
Zhou et al. using TEM. [156] From atomic force microscopy (AFM) (Figure.5.1h and 1i) the film
thickness in our samples is about 1 nm which is consistent with GaSe monolayers. It is well known
that small discrepancies between this value and the interlayer spacing for multilayer films can arise
from differences in van der Waals forces between the AFM tip and GaSe, as compared to the AFM
tip-SiO2 interaction forces, as well as the different van der Waals interaction between GaSe and SiO2.
[17, 151, 152, 160]

The Raman spectrum of GaSe monolayer (Figure 5.1j) in backscattering geometry, presents three
first order Raman peaks. As shown in the insets of Figure 5.1j, the A' 1(1) and A'1(2) modes are out-ofplane oscillations along the c-direction, while the E' mode corresponds to lattice vibrations within
the basal plane where the Ga and Se atoms oscillate in antiphase. In our samples, the A' 1(1) and E’
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Figure 5.2 Comparison of Raman spectra from SiO2/Si substrate, as-grown monolayer GaSe and
monolayer GaSe after complete oxidation

modes appear at 129 and 213 cm -1 respectively, these phonon modes are the equivalent to the A (1)1g
and E12g modes in multilayers. [49, 161] The red-shift of the A'1(1) and blue-shift of the E’ modes in
our monolayer samples, with respect to the multilayers (A (1)1g and E12g), are consistent with the
previously reported trends for decreasing number of layers. [42, 157, 158] On the other hand, the
assignment of the A'1(2) mode is controversial in the literature due to the proximity of the 303 cm -1
peak of the Si substrate. Lei et al. [49] reported a redshift for the A(2)1g mode as the number of layers
decreases; however, Rahaman [157] and Terry [158] have recently reported a blue shift after
removing the contribution from the Si substrate. The experimental results from the last two groups
also agree on their DFT predictions for the A'1(2) monolayer mode at 312.5 cm-1. We believe that, in
our samples, the A'1(1) mode could be associated to the weak shoulder around 313 cm =1, which is
consistent with the reports by Rahaman [157] and Terry.[158] Notice that there is another shoulder
from 225 to 275 cm-1 that can be observed in Figure 5.1j, this flat band also belong to the SiO 2/Si
substrate. A Raman spectrum of the bare substrate is shown in Figure 5.2.
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5.2 Effects of Growth Parameters

We also studied the effects of growth time and Ar+H2 carrier-gas flow rate on the monolayer
surface coverage. Figures 5.3 a-c show that, for the same growth time (60 min.), the surface coverage
increases with the flow rate. For 100 sccm and 200 sccm the sample is composed of disconnected
islands that increase their lateral size when a higher flow is used. Finally, a flow rate of 300 sccm
produces continuous monolayer films (Figure 5.2a). A similar trend was observed for increasing
growth time (Figure.5.2d, 5.2b, 5.2e). When keeping the flow rate constant at 200 sccm, short
growth time (40 min.) will produce small disconnected 2D clusters that grow laterally as the time
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Figure 5.3 Effect of carrier gas flow rate and growth time on the surface coverage of monolayer
GaSe. (a−c) Optical images for three samples grown using different gas flow rates: (a) 300, (b) 200,
and (c) 100 sccm, for these three samples the growth time was 60 min. (d, b, e) Optical images of
three samples synthesized by using different growth times (40, 60, and 90 min) but the same flow
rate of 200 sccm. For comparison purposes, the optical images were taken for samples at the same
position in the furnace
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pass, until the laterally growing 2D island coalesce completely forming a continuous monolayer film.
These results suggest that within this window of growth parameters, the thickness is self-limited to a
monolayer and the preferential nucleation sites during the growth are the edges of the growing
islands. [64]

When a larger amount of precursors was used (i.e. double), the as-grown samples were multilayer
GaSe as shown in Figure 5.4. The optical (Figure 5.4a) and SEM images (Figure 5.4 d,e), taken from
different areas reveal a large surface coverage with hexagonal and triangular multilayered clusters
growing on top of a continuous GaSe background. Under these conditions the high incoming flux
of precursors generates more abundant and random nucleation sites favoring not only the lateral
growth but also the vertical, which leads to a rougher morphology like the one observed in Figure
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Figure 5.4 Multilayer GaSe growth. (a) Optical image of a multilayer GaSe islands. (b) Raman
spectra and (c) PL spectra of the sample in (a) taken at points 1, 2, and 3. (d, e) Different
magnification SEM images of multilayer GaSe films. (f) XRD spectrum of the film showing the
main diffraction peaks in the stacking direction
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50

5.4. The Raman and PL spectra (Figure 5.3b, c) show thickness-dependent intensity and position of
the peaks, in agreement with previous reports in the literature. [17, 156-158] Due to the thickness
inhomogeneity of these multilayered samples we could not use the laser scanning method described
above, hence, the Raman and PL spectra in Figure 5.4b and 5.4c were taken from single spot
measurement. Since in this case the laser scanning method was not used, the Raman obtained from
position 3 in Figure 5.4a shows an extremely weak signal of GaSe monolayer in the sample
background (see Figure 5.3b and inset). The PL spectra in Figure 5.3(c) show a significant variation
for three points with different thicknesses. The PL for the thicker region (point 1) shows two main
peaks. The first peak at 620 nm (2 eV) corresponds to the direct band gap.
(a)

(b)

Figure 5.5 Comparison of Raman spectra taken at different points in a multilayer thick GaSe sample
with the excitation lasers 532 nm (green curve) and 633 nm (red curve). No spectra can be observed
with the red laser

Additionally, although Raman and PL spectra in GaSe are both affected by defects and oxidation,
PL is more sensitive. [162] PL from monolayer GaSe has not been observed even in samples
encapsulated with h-BN, [158] due to the pronounced indirect nature of the band gap where the
valence band maximum shifts away from the Γ-point. [158] Due to the larger amount of material in
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the multilayer samples, it was possible to measure x-rays diffraction (XRD) in a standard
diffractometer. The XRD spectra (Figure 5.3f) confirm the existence of the GaSe, and only
diffraction peaks corresponding to lattice planes perpendicular to the c-direction were observed,
which is typical of a textured film with the majority of basal planes parallel to the surface of the
substrate.

Figure 5.6a shows a low magnification scanning transmission electron microscopy (STEM) image of
a multilayer GaSe triangular island. Quantification of the EDS signal (Figure 5. 4b) confirms an
atomic ratio close to 1:1, with a slightly lower selenium content that could be due to Se-vacancies
created during the growth and/or while exposing the material to the electron beam during the EDS
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Figure 5.6 STEM characterization of GaSe films: (a) low-magnification image of a multilayer triangular
island; (b) EDS spectrum, the Ga:Se atomic ratio corresponds to GaSe stoichiometry; (c) crystal
structure for the β-phase GaSe in top and side views showing the layers stacking; (d) atomic resolution
STEM image of β-phase multilayer GaSe
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measurement. The β phase of GaSe presents a stacking sequence AA′ where the Ga (Se) atoms from
the A layer align vertically with the Se (Ga) atoms from the A′ layer, as shown in Figure 5.6c. [163,
164] Figure 5.6d shows a high-resolution Z-contrast image using a high-angle annular dark-field
detector (HAADF-STEM). The honeycomb mesh of atomic columns with no visible intensity in the
center of the hexagons is also consistent with the contrast expected from the β phase. [163] The inplane lattice constant measured by HAADF-STEM along the [010] direction is around 0.36 nm,
which is consistent with the values reported by Lei [49] and Rybkovskiy. [165]

The CVD approach described above was also effective for growing monolayer gallium sulfide (GaS),
while keeping conditions of temperature and flow rate similar to those used for producing the GaSe
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Figure 5.7 Characterization of monolayer GaS growth. (a, b) Low and higher magnification
optical images of GaS sample. The dotted rectangle shows the magnified area. (c) Typical
Raman spectrum of the sample in (b) taken using the laser scanning method. (d, e) SEM images
of the GaS showing the discontinuous (d) and continuous (e) coverage for the GaS films. (f, g)
AFM Image and the height profile (along the white line in part f) consistent with monolayer
GaS
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monolayers. The monolayer GaS coverage also depends on the position in the furnace. The optical
images in Figures 5.7 a,b show a region of transition from discontinuous to continuous coverage of
monolayer GaS, this was further confirmed by SEM (Figures 5.7 d,e). AFM characterization (Figures
5.7 f,g) also reveals a thickness of approximately 0.9 nm, which is consistent with that expected for
monolayer GaS. [2, 45, 166] The Raman spectrum (Figure 5.7c) presents two main peaks at 184 and
358cm-1 corresponding to the out-of-plane A'1(1) and A'1(2) modes for GaS, respectively.[45] In this
case, the laser scanning method was also adopted in order to minimize material damage during the
spectrum acquisition.

5.3 Sample Stability and Encapsulation

Raman spectroscopy have been previously utilized to study the chemical stability and oxidation of
multilayer group-III monochalcogenides. [154, 155, 167, 168] However, the time evolution and
ambient stability of monolayer GaSe and GaS have not been studied due to the low signal-to-noise
ration of its Raman spectrum and the quick sample deterioration under continuous laser exposure.
Next, we addressed this issue by using the laser scanning method described above in order to
increase the signal-to-noise ratio and to reduce the laser-induced damage during the spectrum
acquisition.
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Figure 5.8 Laser power dependence of the GaSe Raman spectrum. (a,b) Raman spectra obtained
from bare GaSe under ambient conditions (exposed to air); in (a) the Raman spectra for different
powers were acquired consecutively from the same 20 × 20 μm 2 region, while in (b) the spectra were
acquired from different 20 × 20 μm2 regions nearby to avoid cumulative laser damage. (c, d) Similar
experiments but in GaSe monolayers covered with PMMA
We first optimized the minimum laser power required to obtain a reasonable signal-to-noise ratio in
the Raman spectra without producing considerable damage to the samples. Figure 5.8 shows the
results of different experiments on GaSe aimed to separate the sample damage due to continuous
laser exposure, high laser power and the sample degradation when exposed to humid air
environment. Two different samples were analyzed, one bare GaSe monolayer exposed to air, and
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(a)

(b)

Figure 5.9 Optical images of (a) as-grown GaSe monolayer and (b) same region of the sample after
six laser scans. The change in contrast within the square region scanned by the laser is due to laserinduced damage. The blue dots also grow in size and number
another GaSe monolayer with a protective layer of polymethyl methacrylate (PMMA) that was
deposited by spin-coating immediately after the sample was taken out of the CVD reactor. In
general, the samples with the PMMA coating were more stable. However, in both samples it can be
noticed that, when the Raman spectra (with different laser powers) are acquired consecutively from
the same region, the sample degrades faster due to cumulative laser damage (Figure 5.9), regardless
encapsulation. If the spectra are collected from different sample regions that are nearby, the
cumulative effect from previous measurements is minimized and the laser damage can be better
correlated to each specific laser power. In all cases, the laser power of 76.4 uW seems to provide the
optimal signal-to-noise ratio while producing minimal damage to the sample during a one-time
acquisition experiment. For a higher laser power of 326 uW, the intensity of the A' 1(1) peak relative to
the Si peak is reduced considerably, and it completely disappears for 789 uW; suggesting a
substantial degradation of the sample. Only, the sample encapsulated with PMMA survives these
high laser powers, but the relative intensity of this peak also decreases (Figure. 5.6d) indicating that
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the sample still suffers some damage. Based on the above result, 76.4 uW was selected to be the laser
power used in all the stability experiments that will be described next. It is worth mentioning that
PMMA encapsulation does not affect the PL spectrum, as shown in Figure 5.10.

Figure 5.10 Photoluminescence spectra of a multilayer thick GaSe sample before (black curve) and
after (red curve) depositing a PMMA capping layer

Figure 5.11 shows the time-dependent Raman spectrum for three different GaSe monolayer
samples. The first sample is a bare GaSe monolayer that was continuously exposed to air during and
in-between spectra collections (Figure.5.7a and 5.7b). A second bare GaSe monolayer was only
exposed to air during the Raman acquisition and store in vacuum in between spectra collections
(Figure 5.7c and 5.7d). The third sample was encapsulated with PMMA (Figure 5.7e and 5.7f). The
bare GaSe monolayer degrades considerably within six hours after exposure to air, and the intensity
of the A'1(1) decreases until it completely disappears after 30 hours in air. On the other hand, the
band corresponding to a-Se [154, 155] starts arising after two hours of exposure to air and becomes
prominent after 30 hours. The second bare GaSe monolayer sample last longer in vacuum, around
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Figure 5.11 Raman study of monolayer GaSe stability. Raman spectra (top) and the integrated peak
intensity (bottom) for the A1’(1) mode as well as the amorphous selenium band (a-Se) as a function
of time for a bare GaSe monolayer sample exposed continuously to air (a, b); a bare GaSe monolayer
sample stored in vacuum in between measurements (c, d); and a PMMA-encapsulated GaSe
monolayer sample exposed continuously to air (e, f). The laser scanning method with a laser power
of 76.4 uW were used in all the experiments. The continuous lines are guides for the eye

10 days, but the short exposures to air during the spectra acquisitions contribute to the slow
structural damage of the material. Previous experimental [154] and theoretical [169] reports have
demonstrated that the main degradation mechanism for multilayer GaSe can be described as
follows. Above-bandgap illumination generates carriers in the GaSe, electrons are transferred to the
surrounding oxygen and create highly-reactive superoxide anions that oxidize the sample. [154]
Although this mechanism seems reasonable for multilayers, for the case of monolayer is debatable
since the band gap in monolayers not only becomes indirect but also blue shifts to energy values
around 3 eV, which is higher than laser excitation used in this study (2.33 eV). Nevertheless, we have
direct evidences of laser-induced damage in our monolayer GaSe (See Figure 5.2). The presence and
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creation of selenium vacancies also accelerates the oxidation of GaSe. [169] The oxidation process
generates Ga2O3 and elemental selenium, in our monolayer samples we were not able to observe the
Raman band corresponding to the gallium oxides, its intensity is at the noise level; however, the
broad band corresponding to elemental amorphous selenium (a-Se) was clearly observed as the
samples deteriorate. When the sample is covered with a thin PMMA film the degradation process is
delayed as compared to the bare sample that was continuously exposed to air. However, PMMA
only offers protection up to approximately 6 days, after this time the intensity of the A' 1(1) mode is
significantly low. Under this condition (PMMA-encapsulation), the a-Se band only starts to arise
after five days of exposure to ambient conditions. It is not clear at this point what the origin of the
structural damage in the encapsulated GaSe is. One possible explanation could be reaction with the
oxygen atoms forming the PMMA polymer. Encapsulation using h-BN have been proven to be
highly efficient in protecting 2D materials from oxidation. [159] However, given the state-of-the-art
for h-BN production and transfer, encapsulation with h-BN might not be cost efficient for large
area and mass production of monochalcogenides films. Hence, alternative encapsulation materials
such as polymers that can be spread over large areas could provide a cheap and reliable alternative
for encapsulation of 2D materials. Although PMMA showed some improvement compared to bare
samples, future studies should be expanded to different kind of polymers that could provide a
longer-term protection over large area 2D materials.

Stability experiments were also conducted on monolayer GaS samples. Figures 5.12 a,b show the
Raman spectra of GaS monolayers (bare and PMMA-encapsulated, respectively) taken at different
time intervals while continuously exposed to air. GaS monolayers both bare and encapsulated show
better stability in air when compared to GaSe. Both Raman modes (A′1(1) and A′1(2)) of GaS show
no variation in peak intensity after periods of time similar to those examined in GaSe samples.
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Figure 5.12 Raman study of monolayer GaS stability. Raman spectra as a function of time obtained
for: (a) a bare GaS monolayer sample and (b) a PMMA-encapsulated GaS monolayer sample

5.4 FET Devices and Photo-Response

GaSe was further characterized by measuring the I-V response by fabricating Field Effect
Transistors (FETs). Two devices were studied: Device 1 with thickness around 2-3 nm, which is
around 2-3 layers, and device 2 with thickness around 13 nm, which is around 13-16 layers. When
comparing dark and light photocurrents in device 1 (Figure 5.13a), the I-V curve shows an enhanced
photocurrent by almost an order of magnitude in white-light environment. This confirms the good
quality of the measured GaSe device. Figure 5.13b displays the electrical response for the two
devices mentioned before. The Ids and Vds curves

show almost-linear dependence. The thicker device (Device 2) shows the highest current, which is
expected because of the lower resistance with larger thickness. The Ids vs Vg curves (Figure 5.13c) is
for Vds = 5V and 0.3V applied to devices 1 and 2, respectively. Lower Vds was applied to device 2
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(a)

(c)

(b)

Figure 5.13 Electrical response in different devices of GaSe: (a) I ds vs Vds response for device 1 in
room light (red curve) and dark (black curve). (b) I ds vs Vds for two devices: device 1 (black curve)
and device 2 (red curve). Vg for both curves is zero. (c) Ids vs Vg for device 1 (black curve) and
device 2 (red curve). Vds = 5 V for device 1 and 0.3 V for device 2.
because it would burn out if more voltage is used. As shown, device 2 has higher current than device
1 even with less Vds. Device 2 also shows a clear p-type behavior, as expected.
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6 Conclusion and Future Work

TMDs were synthesized using CVD and then transferred to a TEM grid. The transferred TMDs
have been chemically modified using laser. A TMD compound was healed, alloyed or completely
converted to a different TMD, depending on the laser power, gas environment and laser exposure
time. Our in-situ time map study suggests two-steps mechanism for this conversion: i) The removal
of Se atom from the transferred TMD and ii) The dissociation of the H2S gas and the addition of S
atom to the TMD. The results show some areas with alloys (partial removal of Se and replacement
with S) or heterostructure (complete conversion). This method paves a new way to spatially control
the alloys and heterostructures of TMDs.

Laser modification was not used only to create alloys or heterostructures, but also to dope TMDs
with nitrogen. The same basic procedure was done to the TMD samples but replacing the H 2S with
NH3 as a source of Nitrogen for N doping. The characterization of these samples shows that
Nitrogen causes a p-type doping effect on the natural n-type MoS2, and that leads to an
enhancement in the PL intensity and decrement in electrical response. However, the natural p-type
WSe2 got less PL intensity. The electrical response of the WSe 2 remains as one of the future work
projects.

Another family of 2D semiconductors was studied. Group-III monochalcogenides have been
synthesized using a new method. This method consists of conventional CVD without complex
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setup or vacuum. The characterization results show a degree of control of the size and the number
of layers of GaSe and GaS depending on the growth temperature, time and the amounts of
precursors used. The stability of these materials was also studied. TMDs laser modification can be
expanded within TMDs to other compounds like the tellurides. More work can be done to create
sharper patterns, alloys or heterostructures. Doping concentration can also be improved by changing
different parameters in the doping experiment. Moreover, the laser chemical modification done on
TMDs can be expanded to this family as well.

As future projects, Group-III monochalcogenides work can be expanded to others compounds in
the family like InSe and InS. Moreover, laser modification can be used to dope few-layers GaSe with
nitrogen to tune its electrical response and eventually its bandgap. Creating alloys and
heterostructures of the two families is another potential application. This could create heterogenous
samples combining the advantages of the two families, which improves 2D FETs more. More
studies can be conducted on the applications of these 2D semiconductors like gas sensing,
photodetectors and water splitting.
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Appendix A: Time dependent chemical reaction and Raman peaks

For fixed conditions of laser power, wavelength and TMD film thickness, it is reasonable to assume
that the Raman peak intensity of the different phonon modes is directly proportional to the number
of related metal-chalcogen (M-X) chemical bonds:

[𝐶𝑋 ] ∝ 𝐼𝑅𝑎𝑚𝑎𝑛 .

In 1st order chemical reaction, the rate of the reaction (𝑑[𝐶𝑋 ]/𝑑𝑡) depends linearly on the
concentration of the reactant [𝐶𝑋 ].
So, for the selenium decaying process:

𝑑[𝐶𝑆𝑒 ]
= −𝑘[𝐶𝑆𝑒 ]
𝑑𝑡

→

𝑑[𝐶𝑆𝑒 ]
1
= −𝑘 𝑑𝑡 = − 𝑑𝑡
[𝐶𝑆𝑒 ]
𝜏

The above equation assumes that the composition [CSe] decreases asymptotically to zero. However,
in our experiments the Raman signal decreases to a finite value different from zero, mainly because
not all the material exited by the Gaussian laser spot (and contributing to the Raman signal) is
converted into a transition metal disulfide, only the material within the inner region of the spot with
the highest laser power. Hence the final equation has to take this into account. With this aim we
′ ]
define a new relative composition: [𝐶𝑆𝑒
= [𝐶𝑆𝑒 ] − 𝐶𝑚𝑖𝑛 , where 𝐶𝑚𝑖𝑛 is the concentration of metal-
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selenium bonds that were not converted to metal-sulfide, but still contributes to the intensity of the
Raman spectra.

Integrating the concentration between (𝐶0 − 𝐶𝑚𝑖𝑛 ) and ([𝐶𝑆𝑒 ] − 𝐶𝑚𝑖𝑛 ), where C0 is the initial
concentration; and taking the time integration limits between 0 and t:

𝐶𝑆𝑒−𝐶𝑚𝑖𝑛

∫
𝐶0−𝐶𝑚𝑖𝑛

𝑡

′
𝑑[𝐶𝑆𝑒
]
= −𝑘 ∫ 𝑑𝑡
′
[𝐶𝑆𝑒 ]
0

′ ][𝐶𝑆𝑒 ]−𝐶𝑚𝑖𝑛
→ln[𝐶𝑆𝑒
= −𝑘𝑡
𝐶0 −𝐶𝑚𝑖𝑛

𝑙𝑛 (

[𝐶𝑆𝑒 ] − 𝐶𝑚𝑖𝑛
) = − 𝑘𝑡
𝐶0 − 𝐶𝑚𝑖𝑛
𝑡

[𝐶𝑆𝑒 ] = (𝐶0 − 𝐶𝑚𝑖𝑛 ) 𝑒 −𝜏 + 𝐶𝑚𝑖𝑛
Since the fitting for the experimental data required two exponentials, we might consider that two
mechanisms are contributing to the selenium vacancies creation, then there are two time constants
involved in the process:

′
𝑑[𝐶𝑆𝑒
]
1
1
′
′
′
= −𝑘 [𝐶𝑆𝑒
] = − (𝑘1 + 𝑘1 ) [𝐶𝑆𝑒
]= −(
+
) [𝐶𝑆𝑒
]
𝑑𝑡
𝜏1
𝜏2
1

1

1

1

2

𝑘 =𝜏 =𝜏 +𝜏

and

[𝐶𝑆𝑒 ] = (𝐶0 − 𝐶𝑚𝑖𝑛 ) ( 𝑒

Since [𝐶𝑆𝑒 ] ∝ 𝐼𝑊𝑆𝑒2 :
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−

𝑡
𝜏1

+ 𝑒

−

𝑡
𝜏2

) + 𝐶𝑚𝑖𝑛

𝐼𝑊𝑆𝑒2 = (𝐼0 − 𝐼𝑚𝑖𝑛 ) ( 𝑒

−

𝑡
𝜏1

+ 𝑒

−

𝑡
𝜏2

) + 𝐼𝑚𝑖𝑛

Sulfur incorporation process:

The time evolution data for the Raman intensity of WS 2 phonon modes was fitted with only one
exponential function. From the experiments it can be observed that the relationship between the
rate of change of the Raman intensity (dIWS2/dt) and the intensity IWS2 can be written using a linear
dependence:
𝑑𝐼𝑊𝑆2
= 𝑘 (𝐼𝑚𝑎𝑥 − 𝐼𝑊𝑆2 )
𝑑𝑡

where, Imax is the maximum saturation value for the Raman intensity of these modes. Considering the
proportionality [𝐶𝑋 ] ∝ 𝐼𝑅𝑎𝑚𝑎𝑛 , we can write the rate equation for the concentration of M-S bonds
as:
𝑑𝐶𝑠
= 𝑘 (𝐶𝑚𝑎𝑥 − 𝐶𝑠 ) = − 𝑘 (𝐶𝑠 − 𝐶𝑚𝑎𝑥 )
𝑑𝑡
𝑑𝐶𝑠
1
= − 𝑘 𝑑𝑡 = −
𝑑𝑡
(𝐶𝑠 − 𝐶𝑚𝑎𝑥 )
𝜏3
𝐶𝑠

𝑑𝐶𝑠′
1 𝑡
∫
∫ dt
= −
′
𝜏3 0
0 (𝐶𝑠 − 𝐶𝑚𝑎𝑥 )
𝑙𝑛 (𝐶𝑠′ − 𝐶𝑚𝑎𝑥 )]𝐶𝑠
0 = −
ln (

𝑡
𝜏3

𝐶𝑠 − 𝐶𝑚𝑎𝑥
𝑡
) = −
− 𝐶𝑚𝑎𝑥
𝜏3
𝑡

𝐶𝑠 = −𝐶𝑚𝑎𝑥 𝑒 −𝜏 + 𝐶𝑚𝑎𝑥
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𝑡

𝐶𝑠 = 𝐶𝑚𝑎𝑥 (1 − 𝑒 −𝜏 )
Since [𝐶𝑆 ] ∝ 𝐼𝑊𝑆2 :
𝑡

𝐼𝑅𝑎𝑚𝑎𝑛 = 𝐼𝑚𝑎𝑥 (1 − 𝑒 − 𝜏 )
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